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1. INTRODUCTION 
The n u c l e a r  rocket o f f e r s  a s t e p  increase i n  s p e c i f i c  impulse over 
t h a t  o b t a i n a b l e  from high  energy chemical rocke t  systems.  
advancement improves our a b i l i t y  t o  accomplish h igh  energ-< space  mis s ions  
Accord ingly ,  t h e  n u c l e a r  r o c k e t  w i l l  be the p r i n c i p a l  p ro?u l s ion  system 
for manned p l a n e t a r y  e x p l o r a t i o n  and will also be u s e f u l  i n  ex tended  l u n a r  
e x p l o r a t i o n  and unmanned so la r - sys t em miss ions.  
This propu l s ion  
t 4 The current e f f o r t  i n  t h e  Un i t ed  States is d i r e c t e d  a t  e s t a b l i s h i n g  
t h e  technology of n u c l e a r  rocket svstems and e v a l u a t i n g  t h e i r  real perform- 
ance and o p e r a t i n g  c h a r a c t e r i s t i c s  i n  advance of t h e  e s t a b l i s h m e n t  of f i r m  
miss ion  s p e c i f i c a t i o n s ,  Such an advanced technology development approach 
w i l l  a s s u r e  t h a t  t h e  system can be r e l i e d  upon when f u t u r e  space  miss ions  
are i d e n t i f i e d  and e s t a b l i s h e d  as f i r m  o b j e c t i v e s .  
The major  e f f o r t  of t h e  nuclear rocket program i n  the United S t a t e s  
is devoted t o  p r o p u l s i o n  systems which use rePCtors  based upon g r a p h i t e  
technology.  However, a sma l l  b u t  s t i l l  s i g n i f i c a n t  p a r t  of o u r  r e s o u r c e s  L \  \ 1-1 
, 
is d c v c t e i  Lo ~ x ~ e ~ i n ; e n t a l  diid c i r i d y t i c a l  i nves t igaL io , l s  , I f  t h e  f 6 a s i b i l i t y  
c.f a l t e r n a t e  .]nil ciore-,iuvariced n u c l e a r  rocKet 2 r o p u l s i o n  concep t s ,  These 
a l te rndte  concepts  i n c l u d e  priinariPy r e f r d c t o r y  me ta l  r e a c t o r s  and secondar,- 4 
i l y ,  molten metal r e a c t o r s ,  f l u i d i z e u  beds ,  and gas corc r e a c t o r s .  These U 
var ious  concepts  r e q u i r e  d i f f e r i n g  l e v e l s  of t e c h n o l o g i c a l  development and 
'uivancetrrent and o f f e r  d i f f e r e n t  p o t e n t i a l  performance l e v e l s .  Accordingly ~ 
iunding  Levels  for each of  t h e s e  concepts  t i i fke r  markedly b u t  t h e i r  t o t a l  
is suLstcmt ia l . ly  below t h e  t o t a l  effort devoted t o  g r a p h i t e  sys tems,  
S o l i d  c u r e  n u c l e d r  rocke ts ,  w i t h  . j p e c i a i  emphasis on tile g r a p n i t a  
reactor systems,  are undoubtedly i n  t h e  most advanced stcitd of developnlent L 
o€ any of t h e  n u c l e a r  p ropu l s ion  systems. 
d r e a d y  been denons t r a t ed  by p r o t o t y p e  r e a c t o r  t e s t s ,  Longer t i i i l e  lest5 
+ii:..ed d t  e s t a d l i s h i n g  performance l i m i t s  dre planned  d u r i ~ ~ ; :  t he  nex t  several 
years. Engiireering and technology uevelo?nent  work i s  w e l l  underway S o l i d  
core nuc lea r  r o c k e t s ,  t h e r e f o r e ,  w i l l  Le t le f i r s t  advanced p ro2u l s iog  s y s -  
ieins dcveioped fur missioii use and .le can assess their1 a ? p ? i c a b i l i t y  and 
d v a i 1 , u i l i t y  with g r e a t e r  a s su rance  t lmn  i s  ti le ca se  any  o t h e r  nLtcleclr 
p r o p u l s i o n  sysrem, 
Their. perforrnarlce p o t e n t i a l  !ids 
The ear l ies t  p o t e n t i a l  a p p l i c a t i o n  of nuclear r o c k e t  y r o p u l s i o n  wLuld 
Le as a t h i r d  stage i n  t h e  Sa tu rn  V v e h i c l e .  , h e n  s u b s t i t u t e d  for the 
chemical-rocke t S-IVtl s tage 
payload by  35 to  6 5  p e r c e n t ,  Such ;.'ayloac! inc:reiuents c o ~ l . d  g r e a t l y  t.nh,lnce 
d pmgiwn of extended. l u n a r  e x p l o r a t i o n ,  2 r o v i d i n g  t h e  id; = . b i l i t l  of rnanried 
dir.ect lar iuings and d i o d e r  number of launcacs  t o  suT;.Jrt 3 givan  12.~~1 uf 
l unx .  d c t i v i t y .  Tlie same v e h i c l z ,  ,rhen used f o r  urirnarir~ea missions t o  t i le  
?Lanets  and o t n c r  s o l m - s y s t e m  d e s t i n a t i o n s ,  would i n c r e s s e  payloads  by 4 5  
t o  8(1 a e r c e n t ,  depcnuirlg on the de<.-tL::ati;n. This  g a i n  i n  L:cL+orrnarict. m i  p t  
be v a l u d l e  i n  e a r l y  p h a s e s  -f m e  ? l a n e t m y  program when thc A j e c t i v i  1s 
'-0 obta in  enginasr i ; ig  ua ta  for t h e  z i x e q u e n t  &s ign  af maimed space(-rai  t .  
;n a r ~ y  case, t b c  r i u d e a r  s t q e  offer., t h e  F o t e n t i a l  o f  i n c r e a s i n g  t h e  p e r -  
ibr::,ancc dnu, tiiel-efore, extcndiriG the utility ind u s e f u l  i i i e  cf Sa tu rn  V 
a n u c l e a r  s t a g e  would iricrsa.,e l u n a r  l m d e d  
T h e  pririi'lrf i , i i ss ic .n  for n u C h 3 r - r o c k e t  p l u p u l s i o n  i n  i h e  1cAV1g-r inge 
space pmgrarn is niarined e x p l o r a t i o n  of t t ie  n e a r  p l z i ~  is, princi?.t l  iy !Mars 
Ai1 adequate job :;ur.fsce e x p l o r a t i o n ,  imply ing  s u b s t a n t i a l  weights  f o r  
ex tended  e x p l o m t i o n ,  i s  a very d i f f i c u i t  r i s s i o n ,  I n  such circumstances 
the performance cidvdntages of nuclear .  r o c k e t s  a r e  p a r t i c u l a r l y  b e n e f i c i a l .  
Cornpeircd t o  cnemica l - rocke t s ,  t h e  I n i t i a l  we igh t s  i n  E a r t h  o r b i t  of nuciear.  
mdnned Mars spaczc ra f t  are lower by a f d c t o r  of 2-3  or more. Furthermor>e, 
s i n c e  a t y p i c a l  iiuclear s p a c e c r a f t  weight i s  &ou t  two m i l i i o n  pounds,  t he  
use of n u c i e d r  r u c k e t s  rnay be e s s e n t i d l  t o  keeping  ttie launch  and o r b i t 3 L  
o p e r a t i o n s  w i t h i n  r sason .  Costs  of the  planetary program irould be gred.t ly 
reduced m u ,  i n  case requi rements  s h o u l d  i n c r e a s e  markedly,  t h e  n u c l e a r  
system would have i n v a l u a b l e  growth p o t e n t i a l  and f l e x i b i l i t y .  
s c i e n t i f i c  t a s k s  and crew accorrlmodatinns , and i n c l u d i n g  g;r*ow til margin fd11 ', 
1-2 
Graph i t e  reactor anc eagiss  :ecplnw:aE:j i s  ~ L n g  developed i n  the 
K I % I / N E R V A  P r o j e c t s .  
ment tes ts  of a r e a c t o r  and an engine  system i n  t h e  50,000 lb. t h r u s t  
class. 
t h e  eng ine  t echno lo rn  can be the b a s i s  for f l i g h t  engine developant. 
T h e s e  e f fo r t s  are being d i r e c t e d  t o  ground develop- 
The reactor will be capable  of be ing  used i n  a f l i g h t  sys tem and 
The n u c l e a r  rocket program i nc ludes  p r o g r a m  of r e s e a r c h  and t ech-  
nology which go beyond t h e  needs of our c u r r e n t  r e a c t o r  and e n g i n e  projocts 
t o  assure t h a t  basic d a t a  and fundamental  unders tanding  s t a y  a b r e a s t  of par- 
formance and l e a d  t h e  way t o  improved performance. These programs, knawn 
as supporting research and technology efforts, a a s i s t  OUT p n 8 e n t  p r o j e c t s  
i n  the areas of engine systems analysis, feed system performance and cow 
ponent  b e h a v i o r  by mapping performance under a variety of condi t ions .  
damental  p a p e r t i e s  o f  materials, the behavior of l i q u i d s  and gases under 
ext  re  i e ~ k v i m n m e n t a l  cocr , i t icns ,  c . 2  the d e v e i o p e n t  of new engineering 
des igns  and ccncepts  p m v i d e  an early i n d i c a t i o n  of areas which w i l l  require 
enphasis i n  future projects as well ss providing t h e  base of technobgy 
from which t h e s e  p r o j e c t s  will be developed. 
Fun- 
The long l e a d  time r e q u i r e d  to provide  test facilities and ground t.st 
s u q p o r t  equipment and to c a r r y  out the work of des ign ing  and dsveloping 
r o c k e t  m a c t o r s  makes i t  necessa ry  t o  s e l e c t  a size, power l e v e l ,  and de- 
sign f o r  t h e  n e x t  g e n e r a t i o n  of systems sevaral yoam in advance of planned 
t es t  pe r iods .  
t o  b e  accomplished i n  t h e  fu tu re  space  program, development and design 
problems und u n c e r t a i n t i e s ,  t h e  s t a t e  of technology currently available for 
t h e s e  systems, and t h e  s e n s i t i v i t y  of r e a c t o r  and eng ine  performance t o  
miss ion  v a r i a t i o n s .  
i n  t h i s  s e l e c t i o n .  
r easonab le  e x t r a p o l a t i o n  t o  bigger systems. 
Among the f a c t o r s  which must b e  considered are t h e  missioos 
C l u s t e r i n g  n u c l e a r  rocket eng ines  afforda f l ex ib i l i t y  
The present KIi lI /NZRVA technology allows confidence i n  
Work 1s a l r e a d y  underway on the Phoebus = a c t o r s ,  with t h e  f i r s t  
tests i n  t h i s  p m j e c t  t o  be carried out  i n  t h e  smaller KIWI-size reactors 
so as t o  o b t a i n  e a r l y  in fo rma t ion  on some of the t e c h n o l a =  to  be used in 
t h e  bigger cores. 
4 This d i s c i s s i o n  will be devoted t o  n u c i c a r  r o c k e t  propuision based 
The diacussion is d i v i d e d  * upon rol id core g r a p h i t e  r e a c t o r  technology. 
i n t o  thmo p r i n c i p a l  s e c t i o n s  which will cover: Vehic le  App l i aa t ioas ;  
NERVA Engine i n c l u d i n g  KIWI  reactor work, and Nuclear  Rocket Advanced 
Research and Technology i n c l u d i n g  t h e  Phoebus r e a c t o r  work. 
1-3 
'&is p o r t i o n  of  t h e  l e c t u r e  w i l l  cover the  a p p l i c a t i o n  of n u c l e a r  rocke t8  
i n  f u t u r e  space missions. 
amfssionms beyond A p o l l s ,  i nc lud fng  extended Bunasr e x p l o r a t i o n  and aanned ex- 
p e d f t i m ~ s  to Uars and, posrr ibly,  Venue. The c m e e q u e n t  d e s i r e  for advanced 
p r o p u l s i o n  systems r e q u i r e s  no l eng thy  e x p l a m t i m .  
slaboration of miss ion  c h a z a c t e r i s t i c a ,  p e r r ' o m n c e  co lapa r i sms  snd the m 3 ~ e r  
IEL which the  n u c l e a r  r o c k e t  fit8 h t c i  ?Le ~v~re31P s p a t e  p r ~ g r a a .  
We f i r s t  a s s m  t h a t  t h e r e  w i l l  be advanced epace 
I 
'I w i l l  c o n c e n t r a t e  on an 
~ 
I 
I Figure  I* is  a coa r se  roadmap of apace m i s s i o n s - p a s t ,  p r e s e n t  and f Q t u r e ,  
I rr 
I -3e t5zns regfona of space fZig3t are mrmged i~ CS~JIBEW; Earth o r b i t ,  kanzr r i i  p - a s ~ z 9 r - q .  
~:3zusmed mieeims ( a t  t h e  top]  zc early a a m e d  developnwzcal f l i g h t s  asd, 
finnaily, c p e r a c i o n a l  manned f f i g h k s ,  Ccrren'. iv~chorirard programs are mrked 
b? seteriska. 
The harfzoscai divfeicaz s h a  8 p r o g r e s s i o n  i n  each regfon Z z m  I 
~ I 
I 
P do n o t  i n t e n d  t o  go thredgh t h i s  &art  in d e t a i l ;  t h e  ia rpor tan t  thing 
it i n f e r s  is the  f low,  i n  borrh ti= and technology,  from t h e  compara t ive ly  l a w -  
mcrgy, low-payload missions we are doing '10r(lw t o  more-ambitiaus missions i n  
the lawer r i g h t h a n d  h a l f  of t h e  m a t r i x .  These h igh-energy ,  high-payload mis- 
sfom are t h e  pr imary areas of eraclear r ~ c k e t  a p p l i c a t i o n .  Chief p o t e n t i a l  
SLICB are (1) l u n a r  l o g i s t i c s ,  (2) asmamec? planctsaq mi~sfms w f t h  heavy pay- 
:esda, and (3) masxed planetary e x p e 6 f r i m s .  Fie fatter c o n t i n u e s  eo be the 
primcipenl j u s t i f i c a t i o n  for developing  nuc lea r  r a c k e t a .  
4 
Before  d i s c u s s i n g  these a p p l i c a t i m  ~ r e a a  fs: wre deta i l ,  a few o t h e r  
amszzons esa be made from a=s& a c h a r t  "=to The ineegrated nature af 
:Ez.p -xmmneci a d  manned p r s g m m  s'sr I n m r  P U _ ~  p9osker,&ry exglcmitfon .should 
T,-B ZQ?BdL. 
E W ~  a v i t a l  rcle i n  p r e p a r i n g  far lasc;iaoded missions. 
ing data f o r  d e s i g n  of  manned s p a c e c r a f t  will c e r c s i n l y  depend upm deea ob- 
c a k e d  from mmenned probes  even rhough niartmd systems w i l l  be deaigged t o  be as 
i d e p e n d e n t  as p o s s i b l e  of d e t a i l e d  l u n a r  cm p l a r i e t a q  f e a t u r e s .  Both t p e s  
of v e h i c l e s  w i l l  be flown a t  leest dcring the p e r i d  of mn-nardl developmentan% 
f l i g h t  and probably  even a f t e r  manned f l i g h t s  are o p e r a t i o n a l .  There is a l s ~  
a h c r i z o n t a l  dependency on t h e  c h a r t :  
~ b m s  and t h e  mmned p l a n e t a r y  missions w i l l  lean h e a v i l y  on human and system 
zxpcricearce i n  E a r t h  o r b i t .  
UnmH1Ppcd fligbte C c m e  firsat W i E h  bo th  s p e c i a l  s c i e n t i f i c  ptnr?gome 
€he a v a i l a b % l i t y  of eng inee r -  
- 
A - 
both the l ong-dura t ion  manned l u n a r  mie- 
hlthcwgh d a t e s  sc,e n o t  e h m  on the charbe, the ge.rte.ral timing sf the 
m i ~ s i c m s  is worth eome coumert,  
61: Ease sshould probably  be placed fn the rattea half of Lhe " L 7 8 ° ~ % .  
in the p l a n e t a r y  program, manned flrghee to -Haps o r  V e m a  are probably p o s t -  
1980, and p l a n e t a r y  o p e r a t f a n e  would be c e r r e s p m d i q l y  L a t e r .  Hany f a c t o r 8  
e a x r i b s a t e  eo this e s t i m a t e  OF time s t s l e ,  b2t  he ~ S E :  b a s i c  one8 r e k t e  to 
Anytnirg w3rthy of the fieme l u n a r  s t a t i m  
S i e l a r l y ,  
1 . 

Unfextunatekf9 the reqxiremnt tha? % b e e  planets be i n  correct re la t ive 
position may impose some ?pcratlonal s e s t r f c t i ~ n s  c.n the use of Venus swingby 
trajec%ories, Although m a n y  a t t rac t ive  1a:dracrh cppostunit5.e~ of t h i s  type 
exist -- at least two t h i r d s  as many as f o r  opposition-class t r i p s  -- the 
launch windows within each cppcrtmit+y are sometimes L&XTOW, That I s ,  i n  
some yems t he  penalty fo% defrialzlng faem tE:e qtimm hunch date may be 
so severe t h a t  it is inpraCticaL %a prcvide a reasonable qread of Launch 
dates, 
be 
class rri.ns passlhle, F G W J ~ ~ ,  if t3,c lawefr; winlow restr ic t fans  axe not 
prohibitive, this mcde m y  ; e  zlaeiu1. fcr special reasom, Fer examgle, 
it nLght offer t h e  cnly sp-prsmstp 'cc at Mars d ~ c n g  a particularly 
interesting season, More a n a l y s i s  is needed before the usefulness of t h i s  
mode will be completely tllldez31-So:! 
Consequently, it is no% yet  clew tha t?  t h e  Venus swingby mode  w i l l  
used, prav%ded nuclear r 8 c K s . e ~  WE avaikable tm make apposition- 
A 
Energy RequisErnrr&ts I
Figure 6 summarizes attch cf the  foregQisig q u d i t a t i v s  comparison cf 
energy requirements, The xrn of v?F?:ity iscrtlments 3s plotted against 
E a r t h  Paunch date, For t h s  i Uis t r&t ion  the tcz&al propulsive velocity 
increment i s  the sum of tkosrt a5 Ear th  departure, Mas arr ival  and M a s s  
departure plus  the retro at E a r t h  return required to reduce the atrnosphere- 
entry speed 2 -  50,900 feec per second Stick; a ninimizaZon of" t o t a l  
velocity incremn-c does not always give the lowec-t values of i n i t i a l  
weight, because of tSe way t h e  1 ndiv'ldual. 
tne trends arc mch the same 
AV2 6 are distribv-ted, but 
* 
The sharp curves shm the AV variations in each launch opportunity; the 
envelope lines connect the llrinfmum pofnts as though the variations were con- 
tin- with time. 'fhe trend of the loci of 
trips illustrates the effect of t h e  eccentricity of Mars' orbit. Durtng the 
l a t e  1970' 6, the macecraft makes i ts  rendezvous with W s  near that planet* s 
qhel ion ( m e s t  distsgce from t b e  sun). 
t rave l  f 'ur thr  Out i n  the sun's graxlD&ional f i e ld  but must do so in roughly 
the same time as i n  easy yems became it must catch q p  with the lhrth on the 
return leg. !Thus the to ta l  
1979 launch but under b,W f t /sec i n  1986. 
- AV minimi for  b + O O  day round- 
- The spacecraft must not o d y  
AT 1s sMwn t o  be about 60,OOO ft/sec for  a I 
I The two branches of the cqpmitiooc-class trajectory faanily need not concern us. Although the tot& A V a s  differ during the 1g70zs, the resultant i n i t i a l  
w P g E s  axe very laearls the  same* 
t.m e z l y  f ~ r  manned plarsecYary fli-&c. 
&If s arid early 9 ' s -  Daring the 199-% pe15od the two branches axe 80 nearly 
&e i n  to+& 
cbvious choice. 
Bzrthemre, this time period is probably 
'I3e n e e  such period i s  i n  the l a t e  
AV and AV distribution khat the shorter trips s e e m  the 
~ 
The LaKer m e  for 950-3350 day (co~mc6ion-class)  roundtrips s h m  
very little variation with hunch date. The sum of the velocity increments 
remins near 25,OOO f t /sec thraughout the cycle, The eccentricity of Marsp 
orbit has little effect because both legs are relatively-slow, lowenergy 
trajectories and a wide flexibility exLsts in selecting st@lme. 
T$e individual. velocity increments me also of considerable importance. 
As pswiausly mentioned, this plot includes only the 
~ , n   in atmspkre-extry weeti of 50,000 ft/sec. 
mtry speed cQuld be handled aeroriiynanbcally, t he  t o t a l  velocity increment 
ic the daV0rabl.e years xo~ld be reduced by ~ ~ , w - x ) ~ w  fi/sec. 
zesd2, tbe sum wuuM be 5uc Et t le  higher than i n  the easiest  yeax. 
latter value would not ehsnge ( in  1,- for example) with a higher entry 
vebclty c q s b i l l t y  because appro& speed is less than 50,OOO ft/sec i n  a 
fsl=c-r&le lsunch year. On the other band, if 50,OOO f%,'sec were too high 
and r&ro AV's 'became excessive, the en t i r e  trajectory selection mld 
chnge t o  even out the individual velocity increments. 
AV a t  Earth return down 
If an essentially m t e d  
AS 8 
The 
In a similar fashion, the ab i l i t y  to use aerocegpture rrt Mars xcluld a l t e r  
the selectton of t rqjector ies  a,nd flrther reduce the variation i n  total 
from year t o  y e a .  
poss ib i l i t i es  i n  such a dssfon, will be discused wain af'ter we hare consfdered 
t 3 e  d j e c t  of payload requirementst 
A V  
Such energy-reductfon techniques, mch are inportant 
O f  course, this lengthy exambation a% t rqjector ies  and energy requirements 
I s  leading back t o  the initia.l-weig% cmpasisoo uhich you have a l r e d y  seen 
i n  preview. 
aissions; the discussion of pqbad  reqzirements will bring i n  others. 
Graphs l ike figme 6 polat  qp some of the difficxlties of the 
The 
picture w i l l  add up %o a strong mandate for nuclear rocket prupulsion, 
I 
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Payload Requirenrent s 
The t.hird maor factor  i n  the determination of overal l  performance, i n  
It i s  customary to t.Nnk cf a manned Mars mission i n  terms 
I 
addition to energy requirements and propulsion system performance, i s  the  
paylo?.% weight, 
of a E,;cified set  of payload weights being transported through particular 
energy changes i n  space. We have described the magnitudes of t he  energy 
changes assuming propulsive accomplishment of a l l  but the  Earth reentry 
requirements 
considera%ion i s  their  specific impulse -- about 808 seconds fo r  nuclear 
rockets a4 opposed t o  a ~&IIIUUI Of &aut 450 seconb for  chemical rockets. 
k t  us now describe the paybad componeri%s and t h e i r  weights, 
The principal characteriSt3.c Of the  propulsion systems under 
Four elements of the  payload for  a W s  landing mission are important: 
(1) Mission module 
(2) Radiataon shelter 
(3) E a r t h  r.eaxkry aodu9e 
(4) Exploration payload 
The missian module consists of t h e  l i v i n g  and working rlpaarters f o r  the  ere:-, 
It may Include t h e  ccntrol center, which i s  almys marued by t h e  crewmen on 
duty, although t h e  control center could be t h e  radiation shelter, The latter 
is the  shielded compartment i n  which all. crew members are sheltered dt:riug 
a dangerous solar flare* 
which the crew enters the  ataosphere for deceleration and controlled descent 
Lo the landing site, 
loail. That is, they are trarlspolPted to Mars and k?a& ID t h e  v ic in i ty  of 
E a r t h .  
weight of the re t ro  p r q u l s i m  sys+?rm and propellant m l d  be considered 
part ef the lBN weight. The exploration payload i s  simply the sum of a11 
items carried t o  Mars and le f t  there, including Mars Excursion Modules, 
urmmned probes and other data-gathering equipment, 
(I1.IEEys) muEd ca r ry  the l a d i n g  party t o  t h e  surface and return them t o  the  
orbiting spacecraft )I 
The E a r t h  reentry nodule (ERIJI) is a spacecre t  i n  
These three payload elements campose t h e  return pay- 
I n  those cases wherein se t ro  thrust is nee355 at E a r t h  return, t h e  
A Mars Excursion Module 
Mission Module -- The main parts of t h e  mission module are the crew 
aompadment structure, l i f e  suppsrt system and power supply. These items 
are functions of crew s i z e  and t r i p  duration, which are  related parameters. 
Crew size depends upon consideraxions of task assignments, duty cycles, 
skill speciailzation, and possible incapacitation during t h e  mission. Very 
l i t t l e  quarltitative infomation I s  avail l e  i n  these areas. Speculation 
on crew duties has been reported i n  several niisaion studies, and estimates 
of the  variation of crew r e l i a b i l i t y  w i t h  trip duration have been attempted. 
The r e s d t s  q p e a r  t o  c a l l  for  a m i n i m u m  of 6-8 men for  Mass landing 
missions of 400-500 days and 12-16 men for 800-1000 days, 
i n  crew size for conjunction-class roundtrips counter balarces much of t h e  
low-energy advantage of the  long-trip mission mode 
i s  also a function of crew size and t r i p  dua t ion  because life-support 
power requirements tend t o  be 1-2 kwe per man and power supply weights 
win rise t o  provide the redundancy f o r  -?verEtl years8 operation. 
T h i s  increase 
Power supply weight 
However, 
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E a r t h  Reezltry MocZtlLe -- The weight  of t h e  E a r t h  r e e n t r y  msdube is a 
Pmctisn of: a m o s p h e s e - e n t r y  speed and crew size. 
b se i c  E M  shape has been s e l e c t e d ,  
BO t h a t  landing maneuverafjfdity i s  s a % i s f a c t o r ' y ,  
aao%a?lmm corridor depth i s  s p e c i f i e d ,  c ~ n s i ~ t e n t  with p r o J e c t e d  guidance  
eqab-%%ICy, and a 
A lover Izimli_$ may also be p h c e d  on reaction time for per fo rming  aero- 
dpiaaIc, mmeiivers.  
EBN weigh% ( f o r  6-8 men, i n  t k k s  c a s e )  w i t h  e n t r y  speed* 
w i l l  be d%e t o  c!mages xn heat-shield and stsaae.t;-ue weigh t s ,  A t  some h i g h -  
speed point t he  use of all aer-<jmaani@ bsakmg w3.U have reached i t s  l i m i t ;  
for Egher  qqgroach v e l o c i t i e - .  
5igher L/D s h q e  assumed, whichever i s  Ugfiter. 
L e t  us a s m e  t h a t  a 
That is, a XftJdrag r a t i o  i s  p r w i d e d  
Assume a l s o  t h a t  a 
g-Bo& for t h e  crew (about lQ g ' s )  is imposed, 
From such 8 set  of gsoun~ rules % s i l l  come a v a r i a t i o n  of 
This varfation 
i t h e r  a retro r o c k e t  must be added o r  a 
Several stxdies have es t - i~a te~i  MEp/I Meiqhts at =jO>OCG -&,OOO pounds. 
8 Lander m 8 d  carry 2-3 men t o  thc ; ? r f a c , ?  "ar a n  e x p l c r a t i o n  t ime of a 
week o r  two Approximately a t o n  : 
surface; on>; :. s m a l l  weight cf sG . Les %: 3 be r e t u r n e d .  
a mall, possXLy r k ; * c ~  a m i n b a l  mission Ascen5 p r o p u l s i o n  would be by 
smrahle chemicd rockets, If the missior node were of t h e  conjunctPon- 
class, sfb ?hb;C, &mt a y e a r  was t o  be spent at Mars, t h e r e  would have t o  be 
Such 
.xp?o-_ ; ion  gear would be t a k e n  t o  t h e  
T h i s  is o b v i o u s l y  
I 
T h s  vapi la t i sn  of ERM w e i & t  w i t h  emtry speed i n f l u e n c e s  the s e l e c t i o n  
c?' :he t r a j e c t o r y  
t h e  r m g e  of ~O,Oclo-7~~OOO f t / s e c  without Venus swingby and kl,OOO-55,OOO 
f t f sec  w i f k ~  Vems mkngby. The h i g h e s t  v e l o c i t i e s  occur  in t h e  u n f a v o r a b l e  
yews, r - ? , ~  ri t h e  spacecraft meets M a s s  nea r  a p h e l i o n  of t h e  p h , n e % ' s  o r b i t .  
For ~-1Cxj0 day t r ips  the  aptim e n t r y  speeds we: i n  t h e  range of b , O Q O -  
kk58000 f t / s e c  and would, t h e s e f o r e ,  p r o b a b l y  be compatible with d i r e c t  
a t m b y h e r i c  encry c a p & i l E t i e s ,  
50,000 ft/sec entry ccipabiliiity w i l l  be something l i k e  l5,OOO pouds.  
t he  launch o p p o r t u n i t i e s  in t h e  1980qs, the apprcmch v e l o c i t i e s  will be 
~nsderz~te 
entqy S ~ E L , :  ~f a% least 5O,OOO f'b/sec. 
double t h e  weight of" t h e  basic EN% 
Optim e n t r y  speeds f o r  c p p o s i t i o n - c l a s s  trips are i n  
A basic ERM weight  (wi thout  r e t r o  prope8lm-t.) for 6-8 man crew and a 
For  
<&,OOQf't/sec) and technology may be a v a i l a b l e  t o  hand le  an 
Tk;s sone r e t r o  t h r u s t  may be needed 
not a p r o h i b i t i v e  amount. Never the less ,  t h e  r e t s o  p r o p e l l a n t  may 
Expiorat",or_ Payload -- The principal component of t h e  e x p l o r a t i o n  payload  
  be landing c r a f t  w i l l  c a r r y  s e v e r a l  v i h ~  j e  the w s  ~xci;rsi_on ~ d d e  (MEN) 
eremefr? to %he suface me re-tvrzi t h a  ts the o r b i t i n g  SpacecrafX. The o t h e r  
xx ie- f lned .  
cr*if't-, cur probe we:gl;;hcs are subject. to large changcs If t h e  Mars atmosphere 
fierac;Tt,y i s  as low as c u r r e n t  s p e c u l a t i o n  sugges t s ,  l a n d i n g  systems may r e q y i r e  
%m-a pr0-9ul6103 in &&it ion  t o  t h e i r  aerodynamic d e v i c e s  ( i - e ,  p a r a c h u t e s  
7ipk.s touchdown r o c k e t s ) .  
cperations and other sclentiffic acliv'ati es i s  known, the  e x p l o r a t i o n  payload 
cannct he we11 defined. 
c3 of dat&-qatherfng qxpaneat &re lesser i n  slaagnitade b u t  r e l a t i v e l y  
Die to -,he meager ~ S U L ' L  of Mws stmgabyhere data, any l a n d i n g  
E'eePthermose, until t h e  n a t u r e  of t h e  s u r f a c e  
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I r I t j a i  -Weight R e q ~ r m e n t s  - 
Now, let us return to a cOnsidera%i.Qn of fi.6pt-e 2, t h e  plot  of i n i t i a l  
vEAghts i n  Ea r th  orbi t  for  Mars landing missions over a long span of hunch 
y e a s ,  Keeping fa mind that these data =e for  a single mode, opposition- 
c lass  tr ips  wfth erobr83hjrg only at Earth return, the folpowing are i%- 
hstrat  ed: 
(1) 
( 2 )  
(3) 
The canparison of nuclear and chemical rockets 
The effec% of a variation i r r  d k w i b l e  Earth-atmosphere-entry 
speed 
The effect of a vasiation i n  nuckar-rocket specific impulse 
R e c d l  that  t h e  basic payloads nave been fixed,aMnough -cParia%i.ons with 
en t ry  %geed and integrated solar-protorn dose 8;re included, ard %hat each 
-traJectory has been optimized t o  give m=inkrmm i n i t i a l  w e i g h t  f o r  a par- 
%iaLLar set  of energy requirements, payload. weights and performance para- 
meters, Alternate mission modes w i l l  be discussed later. 
Nuclear-Cbemical Comparison -- The prqulsion-systm type, as mentioned 
previously, affects both the absolute and the  re la t ive nagnitudes of initial 
vehicle weight,  over t he  span of years. 
is tha t  the increased specific impulse of mclear  rockets greatly reduces 
the variation between favorable and unfavoraple launch years -  
e q l a i n d  by referring t o  t h e  mass-ratio e8patior,, which i s  an exponential 
rehtioaship: . 
A n  obvibms kndicatisn from Figure 2 
This is 
vhere Wo As initial weight, WE 1s empty weight, 
i n  f%/secd a113 aCq 2 s  in see, 
lg‘pls ,  the v a h e ~  of AV are SO high t h a t  the exponential gives very large 
mass r a t io s ,  With a chemical-rocket value of I 
me a e a ~  the extreme end of their  capability. 
of a higher value of specific impulse -- nearly twice as large i n  %he 
mclew-rxke% case -- has a powerful effect .  
rocket &age wguM be a marginal situation, a nuclear st%e would be ef- 
f ic ient  and adequate under the  same circumstances. To be specific, the 
nuck?ar-rock& Ini%l%l. weight for  1979 i s  50 t o  80 percent greater than i n  
1988, whereas t h e  chemical-rocket weights differ  by 110 t o  18s percent, 
depending on the entry speed. T k  smllez the difference from one launch 
qirpsl-eunity to another the more reasonabk i s  t h e  expectation t h a t  8 basic 
p r q d s i o n  capability can be set up which w i l l  serve the  Mars expkration 
program for  many launch years. 
AV i s  i n  ft /sec when g i s  
En t h e  unfavorable Iaamch yews of t h e  h t e  
the propulsion stages 
gnsequently, mibstitution 
Whereas a single chemical- 




. 
Figure PO i l l u s t r a t e s  the members of the S a t u r n  ELV f ami ly  and t he i r  
Shown also is a hyps the t icd  p o s t S a t u r n  E W  capable low-orbit payloads, 
of boosting 11-2 miba-ion pounds i n t o  orbit.  
versions thereof, and the p o s % - S a % m  are of interest  i n  a discussion of 
manned planetary missions. 
Only the S a t u r n  V, uprated 
If  the Mars craft has an initid weight of one m5U.ion pounds, it 
Homer, 
On the other 
could probably be assabled i n  orbit  f r o m  Sa%urn V payloads, 
growth po%entid mld be a b o s $  n i l B  and an wnfsp&apma%e con%ingency 
c m l d  imperil the entire mis s ion  for 166% of payhad margin, 
hand, if the gross weight i s  four miu$ona pounds, the larger end of the 
peast-Satmry payload spectrum would be desiraPsk, Such a bamclt.n vehicle 
could be eno17mous. 
pounds, a s%mng case for sme MIXI of dvmeed ELV can be put fos$h, 
The amber of rendeezvous with Saturn V u  s muad be $00 we&; a one-mi P U m  
pound payload would be gbPrfte s&isfw%sry, 
I n  between, at &up i n % t i s P  weight of about t ~ $ g  BE6PEm 
11: %he lunar pr~graxn~ the use of' nuclear rocket prupulsion must be 
i n  p$ane%aq missions and chemical systems capable 
viewed i n  a different l igh t  because the performance advantage mer chemical 
rockets i s  less t 
of some l m  exploration are under development, 
no% the only criterion; in fact, the benefits t o  be ga9ned from operational 
experience with nuclear p r o p u l s i o n  build a strong cage for  ewly  application. 
Thus3 the use of nuclear rockets i n  lunar e x p l o r a t i o n  must be considered 
in the contexb of phne%ary exp%oratism and fitwe space faSght programs, 
Many additional elements of the lunar program support manned planetary 
%Ugh%, i n c l u d i n g  experience i n  human factors, Life support, orb i t a l  and 
landing operations, and development of  systems for bong endurance in space. 
'The ear ly  introduction of advanced propulsion mpd be likewise eonsfs%eri% 
with an mer-all policy of providing technical continuity among space 
program 0 
However, performance is 
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The p&ierds  X&S&B~E ~ M c h  WU " rae f i t  fm the use $f nuclear 
r~cke=>s include: Mars and Venue, cr'uiters, Jupiter and S&urn flyby pxbes,  
S a l a r  probes (close qprosch and extra-ecIAptic), and interplanetary probes 
(e.g.  solar system e s w e ) .  
mente for  e i ther  large payloads or very Ugh velocity increments. 
mssian will be further lfIldted tm gpp%f~&ions of the nuclear Saturn V 
desesibed i n  the  lunar program seetfon since ft i s  %he Fa& system t ha t  e811 
%e prxlded using hardme th& iE ap&L&k cr c b a e  at hand. 
These qpl ica t ions  are characterized by r e r e -  
My U s -  
data return. A%though these payloads are too low for single-bsunch araanuled 
f w y  round trips, it m y  be possible to cluster stages or put them i n  
tandem t o  achieve the required faec ted  payhad. 
. 
1% -21 
The importance of engine w e i g h t  i s  a significant factor which has 
been frequently overlooked i n  considerations of advanced prupulsion concepts. 
The pair of curves for  XX)O-seconds I reveal t h e  sensi t ivi ty  of performance 
t o  engine thrust-weight ratio.  
a large part of the potent ia l  advantage of the high specific impulse. 
an 1 of 1500 seconds, a thrust-weight r a t io  of 113 i s  camparable t o  unity 
at 28% seconds I-; a thrust-weight ra t io  of unity at 1500 is not much 
better than two  stages at 850 seconds Isp. 
Therefore, evaluation of t h e  usefulness of high-1- concepts must 
generally await sufficient knowledge of the systems t o  estimate engine 
weight. The solid-core nuclear rocket, being relat ively w e l l  defined at 
%his time, serves a8 a basis fo r  camparison. 
w e i g h t  effects, a number of advanced concepts are faced with the job of 
p rwing  not only feas ib i l i ty  but satisfactory engine thrust-weight r a t io  as 
sWC31%. 
A rat!% much less than unity would eliminate 
A t  
Accordingly, because of engine- 
Perhaps the best thought on which t o  end i s  this: While the  demands 
of space missions fax i n  the future w i l l  ultimately be satisfied 'by ad- 
vanced prolpulsion systems, the major space missions beyond the first phases 
of manned lmas exploration w i l l  be the domain of t h e  soUd-core nuclear 
rocket. 
I1 -22 
The X R V A  eng ine  r e p r e s e n t s  t h e  50,000 lb. t h r u s t  class n u c l e a r  r o c k e t  
engine  which uses a s o l i d  core  g r a p h i t e  r e a c t o r .  This  i s  t h e  s i z e  engine 
w e  have chosen t o  c a r r y  out  ou r  e a r l y  n u c l e a r  r o c k e t  development efforts.  I t  
w i l l  b e  our first n u c l e a r  r o c k e t  engine and w i l l  u l t i m a t e l y  be o u r  f irst  
n u c l e a r  rocket engine  used i n  space  missions.  The r e a c t o r  des igns  for  XERVA 
r e l y  on t h e  KIM1 r e a c t o r  technology.  The KIiJX reactor e f f o r t s  began i n  1955 
a t  t h e  L o s  A l m s  S c i e n t i f i c  Laboratory.  %owever, n u c l e a r  r o c k e t  engine  de- 
velopment began i n  1961 wi th  s e l e c t i o n  of t h e  i n d u s t r i a l  c o n t r a c t o r s  
and J e s t i n g h o u s e ,  t o  develop t h e  :JERVA eng ine .  
f o r t ,  t h e  program planned f o r  f l i g h t  t e s t i n g  a n u c l e a r  r o c k e t  engine.  
l o r o j e t  
As p a r t  of t h e  d e v e i o y s i t  ef-  
A t  tbe end of 1963 The n u c l e a r  rocke t  Trogran was reviewed and r e l i r e c t e t i  
T h i s  r e d i r e c t e d  2,rogran a-lows LS towards a ground engine  t e c s x d o g  ?roeran.  
t o  c o n c e n t r a t e  r e s o d r c e s  2x2 t e c h n i c a l  and mnagernent a t t e n t i o n  u?oz critical 
components such as t h e  nozz le ,  r e a c t o r ,  turbopump a s s e d l y ,  a i d  engine  system 
o 2 e r a t i n g  and c o n t r o l  c h a r a c t e r i s t i c s .  Such a program kill, t h e r e f o r e  , pro-  
v ide  t n e  in fo rma t ion  needed t o  permi t  f l i g h t  system development t o  be under- 
taken  w i t h  conf idence  when n i s s i o n s  beyond A?ollo are b e t t e r  de f ined .  
The n u c l e a r  r o c k e t  program today i n c l u d e s  major  e f f o r t  on t h e  r e a c t o r ,  
work on eng ine  technology and on s u p p o r t i n g  technology.  
development and t e s t . e f f o r t  h a s  been conducted by t h e  Los Alamos S c i e n t i f i c  
Laboratory and t h e  Xest inghouse Ast ronuclear  Laboratory.  
t h e  work i n c l u d e s  t h e  remaining tests of t h e  XIXI-34 r e a c t o r ,  and t h e  Phoebus 
p r o j e c t ,  which is an advanced g r a p h i t e  r e a c t o r  tecimology e f f o r t .  
t echnology work i s  condQcted w i t h i n  the  NERVA 2rojec- t  by t h e  Aerojet-General  
Corpora t ion  wi th  t h e  Jes t inghouse  As t ronuc lea r  Laboratory as p r i n c i p a l  sub- 
c o n t r a c t o r  f o r  t h e  n u c l e a r  subsystem, T h i s  e f f o r t  i n c l u d e s  a d a ? t a t i o n  of a 
KIXI r e a c t o r  des ign  f o r  engine ope ra t ion  and i n v e s t i g a t i o n  of engine  system 
characterist ics.  
The r e a c t o r  des ign ,  
The LASL p a r t  of 
Engine 
Engine R e l i a b i l i t y  vs. Performance 
Engine efforts have been based upon a ground r u l e  t h a t  r e l i a b i l i t y  is 
more impor tan t  t h a n  weight ana performance. 
can  p rov ide  a lmost  twice t h e  s p e c i f i c  impulse of advanced chemical  rockets. 
S ince  a big s t e p  i n c r e a s e  i n  performance i s  p o s s i b l e  w i t h  t h e  f i r s t  e n g i n e ,  
it does n o t  seem impor tan t  t o  squeeze  t h e  maximum p o s s i b l e  s p e c i f i c  impulse 
o u t  of t h e  sys tem if r e l i a b i l i t y  may be s a c r i f i c e d  thereby .  One example of 
t h i s  ground r u l e  is t h a t  while  t h e  h i g h e s t  r e a c t o r  exhaus t  tem2erat i l re  is 
d e s i r a b l e ,  t h e  ave rage  exhaus t  tempera ture  i s  p e n a l i z e d  i n  o u r  e a r l y  des igns  
t o  s i m p l i f y  r e a c t o r  s t r u c t u r e  and flow p a t h s .  
f lows ,  used  t o  c o o l  t h e  r e a c t o r  s t r u c t u r e  and t h e  r e a c t o r  ?er i?her ; ,  which 
are mixed w i t h  t h e  h o t  fuel element exhaust  gas .  The a t t e n d a n t  s p e c i f i c  in- 
p u l s e  p e n a l t y  i s  p r e f e r r e d  t o  t h e  compl i ca t ions  of a des ign  wi th  r e g e n e r a t i v e  
c o o l i n g  p a t h s  a t  t h i s  e a r l y  s t a g e  of the dzvalopnent  a r k .  
The f i r s t  E u c l e a r  r o c k e t  engine 
This  p e n a l t y  i s  caused liy 
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Another example of r e l i a b i l i t y  th rough s i m p l i c i t y  i s  s e l e c t i o n  o f  t h e  
hot  b l eed  c y c l e  wherein hot  exhaus t  gas  i s  d i l u t e d  t o  lower t h e  t empera tu re  
t o  o b t a i n  t u r b i n e  i n l e t  gas  compatible  w i t h  turbine m a t e r i a l  c a p a b i l i t y .  The 
t u r b i n e  exhaus t  i s  subsequen t ly  r o u t e d  ove rboa rd ,  a g a i n  lower ing  eng ine  spe-  
c i f i c  impulse. Higher s 2 e c i f i c  impulse is  o b t a i n a b l e  through t h e  topp ing  
c y c l e ;  however, t h e  r e a c t o r  des ign  complexi ty  does no t  war ran t  a t t e m p t i n g  t o  
o b t a i n  t h e  h i g h e r  s p e c i f i c  impulse for t h a t  cyc le .  
. 
Some weight  p e n a l t y  was accep ted  khrough t h e  use  o f  aluminum r a t h e r  than  
iJe T c i d e d  t h a t  t h e  b e n e f i t s  of g r e a t e r  ex- t i t a n i u m  i n  t h e  p r e s s u r e  v e s s e l .  
p e r i e n c e  w i t h  aluminum a l l o y s  was more impor t an t  t h a n  t h e  lower weight  theo-  
r e t i ca l ly  p o s s i b l e  wi th  t i t an ium.  I I 
Development Program Phi losophy 
Nuclear  r o c k e t  engine  development i s  b e i n g  conducted as a technology 
Engine 
program. Our e f f o r t s  are b e i n g  devoted t o  development of  c r i t i c a l  eng ine  com- 
ponents  which s i g n i f i c a n t l y  affect  eng ine  sys tem c h a r a c t e r i s t i c s .  
system t e s t s  are t o  be conducted wi th  components and c o n f i g u r a t i o n s  t h a t  are 
no t  n e c e s s a r i l y  f l y a b l e  b u t  c o n t a i n  t h e  e s s e n t i a l  components t h a t  de te rmine  
sys tem c h a r a c t e r i s t i c s  , i n c l u d i n g  t h e  dynamic o p e r a t i n g  c h a r a c t e r i s t i c s .  
The program i n c l u d e s  component , subsystem, and sys tem t e s t s .  T h e  pro- 
g r e s s i o n  from component th rough system t e s t i n g  r e p r e s e n t s  i n c r e a s i n g  com- 
p l e x i t y .  
unders tand  component performance and o p e r a t i o n  b e f o r e  going  t o  more complex 
subsystem tes ts .  
Our phi losophy i n  n u c l e a r  r+ka t  development i s  t o  p r e d i c t  and 
The r e a c t o r  i s  t h e  c r i t i c a l  engine  sys tem component and has  paced t h e  
development program. The r e a c t o r  i s  t e s t e d  as a major  subsystem a t  t he  
J u c l e a r  Rocket Development S t a t i o n  i n  Nevada. The r e a c t o r  t e s t  depends upon 
a f a c i l i t y  t o  p rov ide  l i q u i d  hydrogen c o o l a n t  under  p r e s s u r e  t o  t h e  t e s t  
assembly which c o n s i s t s  o f  t h e  r e a c t o r ,  p r e s s u r e  v e s s e l  and nozz le .  P r i o r  
t o  r e a c t o r  t e s t i n g ,  i t s  components are t e s t e d  i n  t h e  l a b o r a t o r y  s i m u l a t i n g  
as w e l l  as p o s s i b l e  t h e  r e a c t o r  environment t o  e n s u r e ,  as f a r  as p o s s i b l e ,  
t h a t  reactor components and t h e  complete  r e a c t o r  des ign  w i l l  behave as p re -  
d i c t e d .  
I ion-nuclear engine  components are a l s o  t e s t e d .  These components a r e  
t e s t e d  a t  v a r i o u s  i n d u s t r i a l  and government l a b s  and do n o t  r e q u i r e  remote 
t e s t  ope ra t ion .  Components under  t es t  i n c l u d e  t h e  turbopump assembly,  noz- 
z l e  and c o n t r o l  system components. The n e x t  l e v e l  of t e s t  complexi ty  w i l l  
b e  engine system t e s t i n g .  
sys tem c l o s e l y  coupled t o  t h e  turbopump w i t h  t h e  r e a c t o r  p r o v i d i n g  t h e  energy 
t o  d r i v e  t h e  turbopump. 
and power t e s t i n g ,  
Engine sys tem tests w i l l  i n c l u d e  t h e  r e a c t o r  sub- 
These engine  sys tems t e s t s  w i l l  i n c l u d e  c o l d  flow 
Our t e s t  f a c i l i t i e s  were b u i l t  t o  s a t i s f y  t h e  needs of r e a c t o r  and en- 
g i n e  t e s t i n g .  tiowever, f a c i l i t y  c h a r a c t e r i s t i c s  l i m i t  t h e  t e s t  o p e r a t i o n  
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..~iien compared t o  c o n d i t i o n s  d u r i n g  z u c l e a r  r o c k e t  er?gine cFera t ior :  ir .  spat;. . 
io? exan?le ,  t n e  n o z z l e ,  e x . , a u s t i n g  t o  t?-,e a tnos2nere  i n  t r .e  r e a c t c r  t e s t  
.celLs,  r e s u l t s  i n  back p r a s s u r e  whim ? r e v e n t s  t h e  nozz le  from f lowing fall 
at low chamber g r e s s u r e s .  The f a c i l i t y  l i m i t a t i o n s  must be cons idered  dur- 
i n g  low floni o2,eration of the r e a c t o r .  
l i q u i d  hydrogen run  tank  aLove t h e  engine and t h e  engine  f i r e s  i n  a downward 
d i r e c t i o n .  T!ie s t a n d  2 r o v i d e s  some a l t i t u d e  s i m u l a t i o n  c a p a b i l i t y  s o  t h a t  
t es t  c o n d i t i o n s  are somewhat c l o s e r  t o  space  o p e r a t i o n .  
- 
The e n g i n e  t e s t  s t a n d  Trovides  a 
Our a b i l i t y  t o  main ta in  equi?ment! remotely a f f e c t s  engine  development. 
Curren t  test t e c h n i q u e s  r e q u i r e  commitment t o  f i n i s h  a t es t  once a r e a c t o r  
has  a s i g n i f i c a n t  poxer  h i s t o r y .  Remdte handl ing  t e c h n i q u e s  a r e  aiee'ate t o  
d i szssemble  a t e s t  a r t i c l e ,  b u t  R m o t J  maintenance and r o a s s e r j l y  are not  
2 r a c t i c a l  with today's c a ? a : > i l i t i e s .  F D r  example, t h e  ~ L ~ l 1 - 3 4 2  r e a c t c r  t e s t  
was t e r n i n a t e d  a f t e r  a nozzle  hydrogen leak. ;Jozzle re2lacsmer.t i z v o l v e s  
c a r e f u l l y  s e a t i x g  s e a l s ,  fastenirig aSout 75 b o l t s  w i t h  a t o r q x  x r e n c - , ,  2r .G 
renote1;r today a r d  t h e r e  a r e  no ? r o s ? e c t s  to improve a ~ r  caZaLi l i t ;  ?..-re in 
t h e  vsrjr x s a r  f d t u r e .  Iicwever, t h e  engine i s  more con2lex t h a n  T h e  rcrlctw 
t e s t  assenbly Ki th  nore  i t e x  which d i l l  need maintenance b e f o r e  a t e s r  ser- 
ies  i s  corn?ieted. I t  appears  f e a s i b l e  t o  conduct remote na in tenacce  '32 s o r e  
of t h e  l i n e s ,  v a l v e s ;  and f e e d  system i n  t h e  e x p e r i m e n t a l  t e s t  system. This  
w i l l  p r o v i d e  l i m i t e d  remote maintenance c a p a b i l i t y  for e x p r i n e n t a l  engine  
t e s t  sys tems which i s  a requirement  f o r  r e a s o n a b l e  engine  development. 
?.ookinl; U? s e v e r a l  dozen i n s t r u m e n t a t i o n  channels .  +de 3re - . T - ~ '  Y.ISY,e fO -9 +-. '-  c. ' 1. J
__ 
THE I?ERVA ENGIm DESCRIPTION 
The NERVA engine  i s  o u r  f i r s t  n u c l e a r  r o c k e t  engine.  I t s  c u r r e n t  ?er- 
formance g o a l s  a r e  t o  provide  ahout 50,000 pounds t h r u s t  a t  g r e a t e r  t h a n  730 
seconds sgJecific impulse.  
l i ) O 3  megawatts nominal thermal  power. 
The engine  uses  a g r a ? h i t e  r e a c t o r  o p e r a t i n g  a t  
The engine  is i n t e n d e d  t o  be a s e l f - c o n t a i n e d  2 r o p J l s i o n  package. T h i s  
means t h a t  it has tile a b i l i t y  t o  s t a r t  on command w i t h o u t  a d d i t i o n a l  Fewer 
o r  c o n t r o l ,  o t h e r  t h a n  t h e  e l ec t r i ca l  power f o r  t h e  c o n t r o l  c i r c u i t s .  T h e  
engine must res ta r t  i n  s imilar  f a s h i o n ,  which means t h a t  p r o v i s i o n s  a r e  needeL 
f o r  shutdown and subsequent  cool ing .  
? 
Even though X C W A  is a ground expepimentai  engine  system technology 
p r o j e c t ,  I w i l l  d i s c u s s  t h e  f l i g h t  engine des ign  which s e r v e s  as a r e f e r e n c e  
n u c l e a r  r o c k e t  engine.  This  w i l l  i n d i c a t e  a l l  components which make t h e  nu- 
clear r o c k e t  engine  a s e l f - c o n t a i n e d  p r o p u l s i o n  package. The exper imenta l  
ground engine  system, w!iich i s  b e i n g  developed t o  i n v e s t i g a t e  engine  system 
t echnology,  w i l l  a l so  b e  d e s c r i b e d  and d i f f e r e n c e s  from t h e  e x a c t  f l i g h t  
c o n f i g u r a t i o n  w i l l  be a??arent .  
Conf igura t ion  D e s c r i p t i o n  
F l i g h t  engine c o n f i c u r a t i o n  development has  been underway s ince  1960. 
Major decisions d u r i n g  t h i s  p e r i o d  i n c l u d e d  s e l e c t i o n  of t h e  r e a c t o r  design 
c o n c e p t ,  the engine c y c l e  t o  provide  t h e  energy s o u r c e  €or p r o p e l l a n t  pres- 
s u r i z a t i o n ,  turbopum? d e s i g n ,  and  t h e  u s e  o f  pneumatics  for c o n t r o l  and  va lv_:  
a c t u a t i o n ,  Tile c o n s i d e r a t i o n s  dhich i n f l u s n c e d  t h e s e  d e c i s i o n s  d i l l  be  d; ,- * 
cussed. 
A i,iocku? of tlie :JLKVA engine  concept  on whicli we have been working i; 
sllown i n  E‘igurd 111-1. Tnc  engine  s t a n d s  2 2  f e e t  high from tlie t o p  f l a : i i e ,  
wliich mates t o  a hydrogen 2 r o p e l l a n t  f ank  i n  t h e  r o c k e t  v e h i c l e ,  t c i  tlie dx- 
h a u s t  e x i t  o f  t h e  j e t  n o z z l e .  The reactor  i s  l o c a t e d  “ r i t h i n  t h e  ? r e s s u r c  
ves;el i n  t h e  c e n t r a l  p o r t i o n  of t h e  eiigint?. 
~ w e l v e  p e u m a t i c  r e a c t o r  c o n t r o l  drum a c t u a t o r s  a m  a t t a c h e d  t o  ttie 
? r e d s u r e  vessel  dome. The t ! i ru s t  s t r u c t u r e ,  whit!] t r anb in i t s  t h r u s t  an2 ac- 
c e l e r a t i o n  loacls t e t d e e n  t h e  p r e s s m e  v e s s e l  and r o c k e t  v e h i c l e ,  : s  c ~ m : ~  
of up;ier and lower subassembl ies  connected by a g i r iba l  b ~ ~ , i c [ i  allows +lie P ~ I -  
g in?  t o  swive l  r3r t h r u J t  v e c t o r  ad jus tment .  The turbopump is i 1 o u r i t t . l  VJ 
ttie loIqer t : i rua t  s t r u c t u r e  arid t’ie upper  t h r u s t  , t r u c t J r c  contai,i-,  t - 
y e l l a n t  tank sklutofi  v a l v e ,  
The l a r g e  s?!ieres c o n t a i n  liydrogen ea.; under  2ressur.e t o  provi.-c> f c r  
a c t u a t i o n  dur-iiig e n g i n e  s t a r tu ; )  ? e r i o d s .  
rnl ine  n u L i e  c o n s i s t s  of a convergent-dlver62nt  s e c t i o n ,  coc.lzcl uj t11e 
main proTel lar i t  r^lov~ , a;id an a d d i t i o n a l  d i v e r g e n t  s h i r t  dtiici. inLrcGdLs tal . -  
n o z z l e  expansion r a t i o  t o  Mhatever va lue  may De d e s i r e d .  
A puriip d i s c h a r g e  l i n e  connec ts  t h e  pum? t o  t h e  n o z z l e  i n l e t  mar i i fo ld .  
A t u r b i n e  i n l e t  l i n e  connec ts  t h e  h o t  b l e e d  p o r t ,  where n o z z l e  char ier  gas 
i s  tapped,  t o  t h e  t u r b i n e  i n l e t .  Roll c o n t r o l  t h r u s t ,  i f  r e q u i r e d ,  could  
Le  P r o v i J e d  by roll c o n t r o l  nozzle;  u s i n g  t h e  t u r b i n e  exhaust. 
Flow Des trip t ion  
f i g u r e  iiI-2 shows a drawing of a n u c l e a r  r o c h e t  on which UC? can f o l -  
low tlie p r o 2 e l l a n t  flow p a t h s  t y p i c a l  of a s o l i a  c o r e  n u c l e a r  r o c h e t .  Thc 
flow pa ths  shown are main p r o p e l l a n t  f low,  t u r b i n e  d r i v e  flow, and 2neurnatic 
gas su?ply. 
>lair1 P r o p e l l a n t  Flow -- During s t e a d y  s t a t ?  o p e r a t i o n ,  main ? r o p e l l x > t  
f l o w  begins  w i t 1 1  p r o p e l l a n t ,  under  t ank  p r e s s u r i z a t i o n ,  p a s s i n g  thr,ough t h e  
t a n k  s h u t o f f  va lve  i n t o  t h e  pump s u c t i o n  l i n e .  T ? i i s  l i n e ,  xiiic?i cc ; i ta ins  a 
gimbal b e a r i n g  f o r  t h r u s t  v e c t o r  a d j u s t m e n t ,  2 r o v i d e s  p r o ? e l l a n t  t:‘ t h e  ;?urn? 
i n l e t .  A c e n t r i f u g a l  f l o w  pump p r e s s u r i z e s  t h e  p r o p e l l a n t .  T h e  ;i:ei;sur :zed 
p r o 2 e l l a n t  en ter ;  the pump d i s c h a r g e  l i n e  and f lows t o  t:ie nozz le  i;lleL 
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ma:iiIoid. Tile mclin s r o ? e i l a n t  fled sasses tnrough t h e  n o z z l e  c~oilng ;ass- 
dC*S, removing h e d t  t r a n s f e r r e d  t o  t h e  n o z z l e  from t h e  main exhaus t  strear. 
as w e l l  as h e a t  g e n e r a t e d  i n  t h e  nozz le  p r e s s u r e  v e s s e l  by d e p o s i t i o n  of 
nuclear r a d i a t i o n  energy. T5e c o o l a a t  l e a v e s  t h e  nozz le  as a low tempera- 
t u r e ,  low d e n s i t y  f l u i d  and is  s p l i t  i n t o  p a r a l l e l  flows t o  c o o l  t h e  pres- 
sure  v e s s e l ,  r e f lec tor  and c o n t r o l  drums. P r o ? e U a n t  e x i t s  from t h e  re f lec-  
t o r  r e g i o n  and fs d i r e c t e d  a long  t h e  2 r e s s u r e  v e s s e l  dome t o  remove r a z i a t i o r ,  
energy d e p o s i t e d  t h e r e .  
The flow t h e n  c o o l s  t h e  s h i e l d  and e n t e r s  t h e  reactor  in . le t  plenum. 
F r o p e l l a n t  i s  d i s t r i b u t e d  from t h e  i n l e t  plenum i n t o  s e v e r a l  p a r a l l e l  ;s.thr,. 
T’ie bu lk  of t h e  flow e n t e r s  t h e  reactwr f u e l  element c o o l i n g  passages  and is 
h e a t e d  t o  hi&.> tem;erature.  The remaininE s r o p e l l a n t  i s  distributed t o  f l a w  
p a s s a g e s  whicn ;;rovico coolan t  t o  v a r i o u s  r e a c t o r  s t r u c t u r a l  e i e n e n t ;  a d  tc 
:?,e p e r i 2 h e r a l  r e g i o n  between t.ie h o t  r e a c t c r  c o r e  ana tlhe r e g e n e r a t l v e l l r -  
c n c i e d  r e f l e c t o r .  These v a r i o u s  cool ing  f lows merge i n  t h e  r e a c t o r  2x;t 
plenum which i s  a lso t h e  noL.zle i n l e t  charher .  The p r o ? e l l a n t  i s  e q ? a n c e c  
through t h e  n o z z l e  t o  exiiaust  v e l o c i t i e s  g r e a t e r  t!ian 2 3 , 3 0 9  f e e t  p e r  secorii? 
cmres?ondinL t o  more than 733 second s 2 e c i f i c  im?ulse ,  t y p i c a l  of a n u c l e a r  
r o c k e t .  The main f u e l  e lement  exhaust  i s  a t  a high tem?era ture  aild 2rovides  
g r e a t e r  t h a n  t h e  average engine  exhaust  tempera ture .  
. -  
Turbine  Drive Flow -- I n  t h e  XERVA e n g i n e ,  a h o t  b l e e d  c y c l e  is  used 
wherein tu rb ine  drive flow w i l l  be  provided  by mixing t h e  h o t  main d r i v e  g a s ,  
tapped from t h e  n o z z l e  i n l e t  chamber, p i t h  cold d i l u e n t  f l u i d  t a k e n  from a 
s u i t a b l e  p a r t  of t h e  main f low path.  
b l e e d  flow, p r o v i d i n g  gas  cooled  t o  any tem2era ture  d e s i r e d  f o r  t u r b i n e  i n l e t  
c o n d i t i o n s .  
The d i l u e n t  flow is mixed w i t h  t h e  h o t  
The mixed gas f lows through t h e  t u r b i n e  i n l e t  l i n e ,  p a s s i n &  through a 
t u r b i n e  power c o n t r o l  va lve  t h a t  r e g u l a t e s  t u r b i n e  f low and t u r b i n e  i n l e t  
; r D s s u r e  and, t h e r e f o r e ,  t h e  t u r b i n e  Tower and ?UT-? speed.  
panded tnrougn t h e  t u r b i n e  which e x t r a c t s  t h e  ?ewer r e q u i r e d  t o  m a i n t a i n  trie 
turbopump speed  and o p e r a t i n g  p o i n t  requi red .  
The f l c ~  is SX- 
The t u r b i n e  exhaust  is  expanded through n o z z l e s  t o  add  a small c c n t r i h u -  
t i o n  t o  t h e  engine  t h r u s t ,  
l o w  t e m p e r a t u r e s ,  low~rs t h e  overa l l  engine  s p e c i f i c  irn2ulsct helow t h e  ;?e- 
c i f i c  i m p l s e  o b t a i n e d  from t h e  mah p r o p e l l a n t  flow. This  use  of t u r b i n e  ex- 
h a u s t  f l u i d  as i n d i c a t e d  in Figure 111-1 could  b e  a s o u r c e  of v e h i c l e  roll 
c o n t r o l  t h r u s t  i f  t h a t  i s  d e s i r e d .  An a l t e r n a t e  u s e  of t u r b i n e  exhaus t  krould 
be t o  p r o v i d e  c o o l i n g  f o r  a nozz le  s k i r t  e x t e n s i o n ,  i f  r e q u i r e d ,  and t h e n  ex- 
h a u s t i n g  i t  overboard t o  p r o v i d e  a s m a l l  t h r u s t  c o n t r i b u t i o n .  
This  t h r u s t  c o n t r i b u t i o n ,  from g a s  a t  r e l c t i v e l y  
Pneumatic Gas Su?ply -- The pneumatic system must SupTly a c t u a t i o : ,  ghS 
from t h e  engine  d u r i n g  o 2 e r a t i o n  and from 2 r e s s u r i z e d  gas  s t o r a g e  5otTlez  
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T!le prrscsur3izcd ~ 3 s  u p ~ l y  for tlle pneumatic  system i s  drclwn frum ri 
s u i t a b l e  ?o i l i t  i n  tlie main p r o p e l l a n t  flow 2dth .  
and r e g u l a t e d  t o  supply  c o n s t a n t  p r e s s u r e  f l u i d  t o  a c t u a t o r s  €or r e J c t o r  
c o n t r o l  drums, turbopump co r i t ro l  v a l v e ,  t h r u s t  v e c t o r  c o n t r o l ,  roll c o n t r o l ,  
and tank  s l iu tof f  v a l v e ,  e tc .  Check v a l v e s  and a d d i t i o n a l  r e g u l a t o r s  can ue 
a r ranged  t o  use t h e  gas s t o r e d  i n  p r e s s u r i z e d  b o t t l e s  d u r i n g  s t a r t u p  and t o  
r3echaree the s t o r a g e  b o t t l e s  d u r i n g  eng ine  o p e r a t i n g  c y c l e s  f o r  res ta r t s .  
Tlie gas must be f i l t e r e d  
Tank p r e s s u r i z a t i o n  can be provided  from t h e  pneumatic  supply  by flow- 
i n g  gas  a t  s r e l a t i v e l y  c o n s t a n t  supply  p r e s s u r e  t o  a t a n k  p r e s s u r e  r e g u l a t o r  
which admits gas t o  t h e  p r o p e l l a n t  t a n k  t o  ma in ta in  i t s  r e q u i r e d  p r e s s u r e  
l e v e l .  
I Ground Cxperimeiital  Engine System Conf igura t  i isn 
A1thouf;h f l i g h t  engine  des igns  have been s t u d i e d  t o  d e f i n e  confiCura-  
t i c i n s ,  component r equ i r emen t s ,  and problems,  t h e  :.JCXVA p r o j e c t  i s  not  ;ret  
under tak ing  f u l l  development of  t h e  f l i g h t  eng ine  conf iCura t ion  d e s c r i b e d  
above. Jerk on c r i t i c a l  engine  com2onents anci ground expe r imen ta l  engine  
t e s t i n g  i s  2 lanned  and proceeding  s o  as t o  e s t a b l i s h  the technology arid 
oiJerat ing unde r s t and ine  o f  ttlese systems before f l i g h t  <3;iplication. F grmii.16 
expe r imen ta l  engine  s y s t e n  ( X C )  c o n f i g u r a t i o n  is be ing  s e l e c t e d  t o  i n v e s t i c , :  t I 
eng ine  s t a r t u p  ciiaracterist  ics and component i n t e r a c t i o n ?  d u r i n g  s t a r t u p ,  
power o p e r a t i o n ,  dnd shutdown. 
I The  %C engin2 concept  i s  based  upon t h e  fo l lowint :  c o n s i d e r a t i o n s :  
a) The X i :  engine  w i l l  u s e  ?JERVA eng ine  com2onents where com?oncnt 
c h J r a c t e r i s t i c s  !lave an impor tan t  i n f l u e n c e  on o v e r a l l  system c h a r a c t e r i i t i c s .  
;{owever, com;,onent development and r e l i a b i l i t y  requirement;  d i l l  be r e l a x e d  
t o  be c o n s i s t e n t  w i th  t l ie technology o b j e c t i v e s  of t h e  Frogram. An exarn2li. 
i s  t h e  need for con t inu ing  development of  a f l i g h t  tyTe turbopump because 
component mass and i n e r t i a  w i l l  i n f l u e n c e  chi l ldown and a c c e l e r a t i o n  ciisr- 
a c t e r i s t i c s .  
b )  F a c i l i t j - t y I j e  components d i l l  be  used t o  t he  e x t e n t  poss ib l e  dhere 
f l i g h t - t y p e  des igns  are  not  r e q u i r e d  for corn2onent i n t e r a c t i o n  and s y s t e m  
dynamics t e s t s .  An example i s  r e p l a c i n g  t h e  pneumatic  gas  s t o r a g e  s2nere.s 
and 2neumatic  su?? ly  system w i t h  a f a c i l i t y  gas supply .  3 t h e r  examples i n -  
c l u d e  a f a c i l i t y  va lve  i n  p l a c e  of t h e  f l i g h t  p r o p e l l a n t  t a n k  s h u t o f f  v a l v e ,  
e l i m i n a t i o n  o f  the  a d j u s t a b l e  gimbal ,  and use  of  a s i m p l e r  t h r u s t  s t r u c t u r e  
which p rov ides  mure room f o r  component mounting. 
c )  An e x t e r n a l  s’nield w i l l  be added t o  t h e  c o n f i c u r a t i o n  t o  ? r o t e c t  
engine  com?onent;. This  w i l l  e l i m i n a t e  t h e  need t o  assure f u l l  r a d i a t i i m  
hardening o f  a l l  components b e f o r e  t h e  expe r imen ta l  system tes ts  are con- 
ducted.  tiowever, t h e  s h i e l d  des ign  concept  w i l l  a l low reduced a t t e n u a t i o n  
as components a re  demonstrdted t o  be capable  o f  w i ths t and ing  t h e  n u c l e d r  
r a d i a t i o n  l e v e l s .  
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CONFIGURATION 3ESIG:J AGD 3CVELOPE:NT 
Th i s  s e c t i o n  d i s c u s s e s  t h e  engine c y c l e  s e l e c t i o n  and t h e  des ign  and 
development s t a t u s  of t h e  major corrponents of t h e  ene ine .  
Cycle S e l e c t i o n  
I 
The cho ice  o f  t h e  t u r b i n e  d r i v e  cyc le  i n  t h e  n u c l e a r  r o c k e t  engine  i s  
one of t h e  p r i n c i p a l  system des ign  s e l e c t i o n s  r e q u i r e d .  
engine  i n  P r o j e c t  X R V A  uses  a hot  blekd c y c l e  wherein ho t  gas is  tapped  
from t h e  nozz le  chamber, d i l u t e d  w i t h  co ld  g a s ,  and p a s s e d  through t h e  tu r -  
sone t h r u s t  recovery .  T h i s  cyc le  w a s  s e l e c t e d  from s e v e r a l  a l t e r n a t i v e s .  
A l t e r n a t i v e s  i n c l u d e d  2 r e s s u r i z e d  gas c y c l e ,  chemica l  gas g e n e r a t o r  sys tem,  
to;,?ing cyc'le, and v a r i o u s  b l e e d  cyc le s ,  ho t  b h e d ,  c o l d  bleed, and hea ted  
Ltieed. F igu re  111-3, which w i l l  be d i scussed  s h o r t l y ,  shows t h e  b l e e d  c y c l e s .  
The n u c l e a r  r o c k e t  
b i n e  t o  d r i v e  t h e  turbopump. The t u r b ' n e  k exhaus t  is dumped overboard  w i t h  
The gas p r e s s u r i z a t i o n  cycle c o n s i s t s  of a E- p r e s s u r e  sys tem t o  e x p e l  
l i q u i d  hydrogen from a 2 r o p e l l a n t  tank through a flow c o n t r o l  sys tem t o  t h e  
r e a c t o r .  This  sys tem,  w h i l e  extremely s imple  and h i g h l y  r e l i a b l e ,  is d i s -  
missed e a s i l y  because  t h e  h i g h  i n l e t  precsure Fcqufrements  of a n u c l e a r  rock- 
e t  eng ine  and the large volumes a s s o c i a t e d  w i t h  storage of law d e n s i t y  l i q u i d  
hydrogen propollant would y i e l d  extremely h i g h  tank  s t r u c t u r a l  weights  and re- 
! s u l t  i n  an impractical system. 
L- - 1 - - 
The chemical gas g e n e r a t o r  cyc le  uses  a turbopump t o  d e l i v e r  p r o p e l l a n t  
a t  des ign  p r e s s u r e  and flow rate. 
t h e  p r o p e l l a n t  under  s u f f i c i e n t  p r e s s u r e  t o  p rov ide  adequate  s u c t i o n  head a t  
the ?ump i n l e t .  Th i s  chemical  c y c l e  s u p p l i e s  turbopump d r i v i n g  energy w i t h  
a chemica l  gas g e n e r a t o r  bu rn ing  t h e  l i q u i d  hydrogen wi th  l i q u i d  oxygen. Com- 
b u s t i o n  p roduc t s  are expanded through a t u r b i n e  t o  e x t r a c t  power t o  d r i v e  
the  turbo?un?. The main advantage of a chemical  c y c l e  is t h a t  t h e  turbo?um? 
i s  d r i v e n  by an inde2endent  2ower sou rce ,  t he reby  e l i m i n a t i n g  t h e  sys tem 
i n t e g r a t i o n  3roblem of e x t r a c t i n g  energy t o  d r i v e  t h e  turbopump from t h e  
r e a c t o r .  Reasonable performance can be achieved  wi th  such a system. The 
main d isadvantages  of a chemica l  system are : a s e p a r a t e  p r o p e l l a n t ,  l i q u i d  
oxygen, i s  c a r r i e d  and compl ica tes  s t a g e  des ign ;  t h e  eng ine  sys tem i s  com- 
p l i c a t e d  by t h e  gas g e n e r a t o r  and t h e  need f o r  a p r e s s u r i z e d  f e e d  sys tem t o  
su?ply t h e  l i q u i d  oxygen t o  t h e  gas g e n e r a t o r ;  and ,  engine  weight  and number 
of components are i n c r e a s e d ,  compl ica t ing  t h e  des ign .  The chemica l  gas gen- 
e r a t o r  c y c l e  was no t  s e l e c t e d  because t h e s e  compl i ca t ions  appeared  t o  l i m i t  
t h e  u s e f u l n e s s  and, p o s s i b l y ,  t h e  r e l i a b i l i t y  of t h e  eng ine  i n  o p e r a t i o n a l  
a p p l i c a t i o n s .  
Tank p r e s s u r i z a t i o n  is needed only  t o  h o l d  
The remain ing  c y c l e s  use r e a c t o r  h e a t  energy t o  d r i v e  t h e  turbopump. 
Such an approach appea r s  obvious ly  r easonab le  because of t h e  l a r g e  s o u r c e  
of such energy  a v a i l a b l e .  These  cyc le s  are t h e  t o p p i n g ,  h o t  b l e e d ,  c o l d  
b l e e d  and hea ted  b l e e d  c y c l e s ,  all us ing  gas h e a t e d  by t h e  r e a c t o r .  
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The top2ing  cyc le  priovides t h e  h i g h e s t  s ?ec i f i c  impulse o b t a i n a b l e  froin 
a turuopump dr iven  n u c l e a r  r o c k e t  engine  cycle.  
f lows through t h e  pump, nozz le  c o o l i n g  pa+sages ,  and r e a c t o r  r e f l e c t o r .  A l -  
most a l l  p r o 2 e l l a n t  i s  then  passed  through a low-pressure r a t i o  t u r b i n e .  Some 
p r o p e l l a n t  would be bypassed around t h e  t u r b i n e  t o  provide  f o r  speed  c o n t r o l ,  . 
Turbine exhaust  and t h e  bypassed p r o p e l l a n t  are then  passed  through t h e  reac- 
t o r  co re  and ex?anded i n  t h e  nozz le ,  The  energy for o p e r a t i n g  t h e  c y c l e  i s  
ob ta ined  from h e a t  t r a n s f e r  w i t h i n  t h e  r e f l e c t o r  o r ,  i f  t h a t  h e a t  a d d i t i o n  is  
insu f f i c i . : n t ,  a second co re  r eg ion  cou;ld be o b t a i n e d  by adding  uranium f u e l  
t o  t h e  reflector m a t e r i a l .  The main advantage o f  t h i s  cycle i s  t h a t  a l l  pro- 
p e l l a n t  is exhau;ted a t  r e a c t o r  exhaus t  t empera tu res  s o  t h a t  no s p e c i f i c  i m -  
pulse pena l ty  i s  irrposecl by t h e  turbopump cyc le .  
i s  t h a t  the tiir>Line o p e r a t e s  a t  low t empera tu res ,  a l l owing  t h e  use of l o w  
dcn ; i  t y  duminum a l l o y s  f o r  c o n s t r u c t i o n .  This  would t end  t o  minimize r a d i a -  
t i o ?  e n e r w  d e p o s i t i o n  i n  t!ie t u r b i n e  if t h a t  becomes a problem. The major 
d i sddvantd i?  t o  t h e  topp ing  c y c l e  is t h a t  a s u f f i c i e n t  energy source  i s  needed 
t o  l ieat  a l l  p r o 2 e l l d n t  t o  t h e  t u r b i n e  i n l e t  t empera ture .  This a f f e c t s  t h e  
r e a c t o r  des ign ,  hence r e a c t o r  and f e e d  sys tem i n t e r a c t i o n s  remain which c a n  
only be i n v e s t i t a t e d  i n  s y s t e m  t e s t s .  An a d d i t i o n a l  compl i ca t ion  i s  caused 
by t h e  t u r b i n e  p r e s s u r e  drop w h i c h  occurs  between r e f l e c t o r  o u t l e t  and co re  
i n l e t .  This 2 r e s s u r e  drop i n c r e a s e s  t h e  s t r e n g t h  and s e d l i n g  requi rements  
f o r  t!ie f low s e p a r a t i o n  s t r u c t u r e  between the core  and r e f l e c t o r .  T h e  r<IdI-S4 
r e a c t o r ,  s e l e c t e d  €or n u c l e a r  rocke t  engine  development,  was n o t  designed t o  
p rov ide  t h e  necessary  h e a t  pickup.  
have com2licdted r e a c t o r  development e f f o r t s  ; t h e r e f o r e ,  t h e  c y c l e  was d i s -  
cd razd ,  a t  l e d s t  f o r  t h e  f i r s t  genera-tbn nuclear- r o c k e t  engine .  
I n  t h i s  c y c l e ,  p r o p e l l a n t  
An a d d i t i o n a l  c y c l e  advantage 
S e l e c t i o n  of t h e  topp ing  c y c l e s  would 
The b l eed  c y c l e s ,  i l l u s t r a t e d  i n  Figure 111-3, a l l  i nvo lve  t app ing  hy- 
drogen from vdr ious  F o i n t s  i n  t h e  main p r o 2 e l l a n t  f low p a t h  and expanding 
t h i s  f r a c t i o n  of t o t a l  p r o p e l l a n t  flow through t h e  t u r b i n e  and then  exhaus t -  
in:- i t  overboard.  The d i f f e r e n c e s  between t h e  b l e e d  c y c l e s  a r e  t h e  d i f f e r e n t  
b l e e d  l c c d t i o n b .  
In tile c o l i  c y c l e ,  tiydrogen 1s b l e d  from t h e  p r e s s u r e  v e s s e l  dome. T h e  
ener[;;r ?ic'hu? i n  t h e  gas ~ 1 p  t o  t h i s  p o i n t  i n c l u d e s  only hea t  t r a n ; i e r r > e d  i n  
T I O Z Z ~ ~  ccolant pdssages and. i n  t h e  nozz le  r e f l e c t o r .  The main advanta;:e o f  
t h i 7  c;rrle i s  t : i a t  the b l eed  gas  i s  r e l a t i v e l y   lo:^ t empera ture  and ccm2o- 
nen t s  c,r'e nu t  .;A j e c t e d  t o  d i f f e r e n t  envi ronmenta l  cond i t ions .  hiumirium 
alloy; can be w e d  i n  tile t u r b i n e ,  and s imple  t u r b i n e  m a c h i n e r y  can Le em- 
p lg>yeJ .  'l'lie m j o r  d i sadvantage  is  t h a t  a r e l a t i v e l y  l a r g e  f r a c t i o n  of t h e  
main p r u p i 1 . i n t  i lo.? i s  needed t o  power the  cyc le  and a s i c , n i f i c a n t  s p e c i f i c  
im2dlse , Ic ; iul ty  i, irrposLd by t h i s  c y c l e ,  I n  a d d i t i o n ,  i t  i s  d e s i r a b l e  t o  
s t a r t  t.!e n u c l s a r  r o c k e t  by b o o t s t r a p p i n g ,  dhe re in  t h e  l a t e n t  h e a t  or' t h e  
r e f l e c i w  ; ,ruviue> tile iAriergy t o  a c c e l e r a t e  t h e  turbopunp. The c o l d  b l e e d  
c y c l e  ~ o u l d  not provide  as much a c c e l e r a t i o n  margin as would be d e s i r e d  for 
a buotLt ra2  ; t , i r \ t  i n  vacuum. Therefore ,  t h e  c o l d  b l e e d  cyc le  xas  d i s c a r d e d  
'uecau,c tale s i  ir,h perf Jrmaiice p e n a l t y  a t  s t e a d y  s t a t e  c o n d i t i o n s  and t h e  
l a c h  c>f . t  rir tup aLcelera t io i i  margin. 
111-8 
The hea ted  b l e e d  cycle is a v a r i a n t  of the co ld  b l e e d  c jc le  dhe re  gas 
from t h e  co ld  b l s e d  T o r t  i s  r o u t s d  :!!rough t h e  I n t e r z a i  s h i e i d  a ~ ~ d  a nozz le  
s k i r t  e x t e n s i o n  wilere a~ditiona; h e a t  i s  transferre2. T k e  neatec hydrogen 
i s  ducted  t o  t h e  t u r S i n e  t o  provide  t-.irzo;um;, Touer azd i s  exnausted over- 
boarci. The h e a t e d  bleed c y c l e  removes many of t h e  p e r f o r n a c c e  T e n a l t i e s  and 
a c c e l e r a t i o n  margin l i m i t a t i o n s  of the  c o l d  b l e e d  cyc le .  
-3onent development of t h e  nozz le  s k i r t  does n o t  appear  d i f f i c u l t .  However, 
the c y c l e ' s  d i sadvaa tages  a r e :  
The a d d i t i o n a l  corn- 
The h e a t e d  b leed  cyc le  depends, f o r  o ? e r a t i o n ,  on a l a r g e  a r e a  
a l t i t u d e  t y p e  nozzle,  Therefore  a l l  engine  and nozz le  develop- 
ment t e s t i n g  must be conducted i n  a h i g h  a l t i t u d e  faci;;::;;, com- 
2 l i c a t i n g  <eve:c?nent tes t ing and i n c r e a s i n g  t e s t  faciLi t j7  COSTS 
and &sign 2rc:Slcrns; 
Teed systein perfcrrnance becorles intsrdc?en&:t kit?! r e a c t o r  per -  
formayce 
::le s;iste- i n t e r a c t i s 7 . s  c a x a t  ;e i ~ v e - t i g z t ~ d  ~i;: c c c s m e n t  
t e s t i n g  a lone  i n  s in?;er  a?d l e s s  c o s t l y  ?rc.;rans t:?ar, systsm 
tests 
tern t e s t i n g .  
s h i e l d  r ,ea t ing ,  a i d  n o z z l e  t r a n s f e r  c h a r a c t e r l s t l e s  . ,... 
ZUIG i n c r e a s e s  t h e  m c e r t a i n t i e s  whic:? e x i s t  dur ing  5 : ~ s -  
A d d i t i o n a l  des ign  c r i t e r i a  are imposed upon t h e  s h i e l d  and noz- 
z l e  i n  t h a t  n o t  only must hea t  be removed s a t i s f a c t o r i l y ,  > . u t  
t h e  c o o l a n t  must a l s o  b e  rai e d  t o  a minimum temperature .  The 
h e a t i n g  i n  t h e s e  component S - L l  s t  b e  de te rmined  a c c u r a t e l y  for 
t h i s  cyc le .  
--- 
f o r  a high area r a t io  nozzle ,  s h i e l d  c o o l i n g  m c e r t a i n t i e s ,  and t h e  
sys tem test compl ica t ions  l e d  t o  d i s c a r d i n g  t h e  h e a t e d  ble;.d cycle  f o r  t h e  
f i r s t  engine .  
The .;ot s h e d  c y c l e  de;znds u2sn e x t r a c r i n g  h y & - ~ ~ e r  37 Teactor  ex iass t  
t e m p e r a t u r e  from t h e  x s z z l e  chamer.  The hot  gas i s  i r m e c i a t e l j j  cooled by 
d i l u e n t  flow t o  a t e 3 2 e r a t x - e  co-pat ible  w i t h  t u r b i n e  r a t e r i a ;  ca2abi ; i ty .  
The mixed gas i s  ex?anded througii tne t u r s i n e  t o  provide  t.jrOqxm2 ezerg]. 
An advantage of t n i s  c3cle i s  t h a t  bleed gas flow r a t e  is  2etermined i'y al- 
lowable t u r b i n e  i n l e t  t empera ture  and p r e s s u r e  r a t h e r  than  by t h e  h e a t i n g  
ra tes  a v a i l a b l e  i n  components. This  c y c l e  can p r o v i d e  a r e l a t i v e l y  small 
szezific iiii;jiilse pena l ty ;  however, t u r b i n e  i n l e t  t empera ture  can be r e a d i l y  
v a r i e d  t o  t r a d e o f f  t u r b i n e  reliability a g a i n s t  performance. The nozz le  and 
i ts  b l e e d  p o r t  can be developed as a s e p a r a t e  component, I n  a d d i t i o n ,  t u r -  
b i n e  f l u i d  c h a r a c t e r i s t i c s  can be exper imenta l ly  i n v e s t i g a t e d  dur ing  chemical  
f i r i n g s  of t h e  nozz le  and a l s o  r e a c t o r  posJer t e s t s .  T h e  disadvantage of t h i s  
cycle is t h a t  t h e  d r i v e  gas is e x t r a c t e d  a t  r e a c t o r  exhaus t  t e n p e r a t w e s .  
T h i s  i q o s e s  an extremely d i f f i c u l t  design and develo2rnent ?rn,Slem f o r  t h e  
b l e e d  p o r t  and t h e  t u r b i n e  i n l e t  l i n e .  These co iponents  x i l l  be  s u s c e p t i b l e  
t o  hcr. s p o t s  anci burnout G n l e s s  a sox12  des ign  i s  obta ined .  The  ' lot Sleed 
c;cle  as s e l e c t e d  f o r  t h e  e:;gine deveio?xent ?rcgrap -3cadse t h e  Sroblem 
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of provid ing  t u r L i n e  i n l e t  f l u i d  can be i s o l a t e d  i n t o  a component development 
whicii can be  i n v e s t i g a t e d  i n  both nozz le  and r e a c t o r  t e s t i n g .  In  a d d i t i o n ,  
tlie systeid does no t  need d higli a r e a - r a t i o  n o z z l e ,  e l i m i n a t i n g  t h e  e s s e n t i a l  
need F o r  h i g l ~  q u a l i t y  a l t i t u d e  f a c i l i t i e s  for e a r l y  system t e s t i n g ,  a l thougn . 
a l t i t u d e  t e s t s  of it:] engine r e q u i r e d  t o  o p e r a t e  a t  a l t i t u d e  are cons ide red  
c s s e n t i a l ,  F ina l l ] ,  h igh turbopump r e l i a b i l i t y  and e a r l y  system t e s t s  can Le 
conducted a t  low t u r b i n e  i n l e t  t empera tu re  b u t  w i th  t h e  o p t i o n  of l a t e r  i n -  
cr.edsing the  turu i i ie  i n l e t  t empera tu re  t o  p rov ide  a c a p a b i l i t y  f o r  eng ine  
perforniance grow t i l .  
I: I J I / : J t ; l V A  R e x  t or 
The r e a c t o r  i-, t h e  major n a i  subsystem t h a t  must be  developed i n  n u c l e a r  
rocLet  systems. 
rochc t engine development 
A s  might ~ ) e  xpected , '  t h e r e f o r e ,  i t  h a s  been pac ing  n u c l e a r  
The r e a c t o r  des ign  and development p r o g r e s s  are d i s c u s s e d  i n  t h i s  s e c t i o n .  I 
General  l i eac tor  Design and S e l e c t i o n  -- The r e a c t o r  d e s i g n ,  s e l e c t e d  for 
a p p l i c a t i o n  t o  t h e  :ILRVA eng ine ,  i s  a v e r s i o n  o f  t h e  KIWI-B4 r e a c t o r  which was 
des igned  and i s  be ing  t e s t e d  by t h e  Los Alamos S c i e n t i f i c  Laboratory.  The 
r e a c t o r  assembly i n c l u d e s  r e a c t o r  c o r e ,  r e f l e c t o r ,  c o n t r o l  drums and i n t e r n a l  
s h i e l d .  A schernatic i l l u s t r a t i o n  of  t h e  b a s i c  r e a c t o r  i s  shown i n  F igu re  111-4. 
The r e a c t o r  i s  composed mainly of g r a p h i t e  u s i n g  g r a p h i t e  f u e l  e lements  Tin- 
PregnatcL w i t ! i  uranium ca rb ide .  The r e a c t o r  co re  i s  made up of  c l u s t e r s  of 
s y s t e m .  These suppor t  s y s t e m s  must accommodate l a r g e  changes i n  co re  dimen- 
s i o n s  a r i s i n g  from core  thermal expans ion ,  whi le  p r o v i d i n g  suppor t  for t h e  
s t a t i c  aiiU dynamic loads  imposed on t h e  co re .  A ho t  end s ea l  i s  used  i n  t h e  
KIX r>edctor  t o  ? reven t  major amounts of f low bypass ing  t h e  core .  The :IZRVA 
r e a c t o r  uses a d i s t r i b u t e d  sea l  arrangement .  The o u t e r  r e f l e c t o r  i s  made of  
bery l l ium.  Twelve r o t a r y  c o n t r o l  drums made o f  b e r y l l i u m  wi th  a b o r a 1  s h e e t  
subtending  1 2 3 O  o f  arc are l o c a t e d  i n  t h e  r e f l e c t o r  and used t o  c o n t r o l  t h e  
react or  
t h e s e  f u e l  e lements  and i s  s u p p o r t e d k b o t h  a l a t e r a l  and- an a x i a l  s u p p o r t  -- 
Iieactor Opera t ing  C h a r a c t e r i s t i c s  -- Design s p e c i f i c  impulse and t h r u s t  
are ob ta ined  only  when the r e a c t o r  o p e r a t e s  a t  des ign  p o i n t .  flowever, t h e  
eng ine  mu tlie r e a c t o r  must o p e r a t e  s t a b l y  o v e r  a wide range o f  c o n d i t i o n s .  
Cenerd l ized  l i m i t a t i o n s  t o  s t e a d y  s t a t e  o p e r a t i o n  of a n u c l e a r  r o c k e t  reac-  
t o r  a r e  u i scussed  h e r e i n .  
Reactor l i m i t s  are of two types .  There are l i m i t s  which, i f  exceeded,  
cause i r r e v e r s i b l e  changes or r e a c t o r  damage. These a r e  l i m i t s  of a l lowab le  
tempera turas  or s t r u c t u r a l  load .  Other  l i m i t a t i o n s ,  imposed by c o r e  neu- 
t r o n i c s  , i nvo lve  o p e r a t i n g  c o n d i t i o n s  where behav io r  i s  e i t h e r  unknown or 
where s t eady  s t a t e  o p e r a t i o n  cannot  be main ta ined ,  I n  some i n s t a n c e s ,  t h i s  
type  of l i m i t  can probably be exceeded d u r i n g  a t r a n s i e n t .  
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General  t r e n d s  of t y p i c a l  stead-] s t a t e  r e a c t o r  o 2 e r a t i n g  c h a r a c t e r i s t i c s  
are zkcrdn as a g e n e r a l i z e ?  r e a c t o r  o z e r a t l n g  na;? i n  F i g u r e  111-5. ’Ihe gen- 
e r a l  t r e n d s  of r e a c t o r  e x i t  temperaz2re are p l o t t e d  a g a i n s t  e x i t  p r e s s u r e .  
The o p e r a t i n g  l i m i t a t i o n s  im?osed by v a r i o u s  r e a c t o r  c o n d i t i o n s  are i n d i -  
ca ted .  
The maximum a l lowable  e x i t  gas  t e q e r a t u r e  i s  obvious ly  limited by 
fue l  element material tempera ture  l i m i t s .  Xeact o r  s t r u c t u r e  , h e a t e d  pi- 
mari ly  by neat conduct ion and r a d i a t i o n  ( t n e r m a l  and n u c l e a r )  may l i m i t  
t h e  allowable tempera ture  i n  t h e  low chamber ~ r e s s u r e  regime where struc- 
t u r a l  c o o l i n g  i l o w  may be i n s u f f i c i e n t  t o  remove t h e  h e a t  conducted t o  
t h e  s t r u c t u r e .  
Core s t r u c t u r a l  l o a d s  vary  x i t h  core  p r e s s u r e  dro?. L i m i t a t i o n s  
due t c  maxixun c o r e  T r e s s u r e  dro? a f f e c t  o 2 e r a t i o n  i n  t;le h i g h  p r e s s u r e ,  
n i g n  tempera ture  p r t i c r ,  o f  t h e  o p e r a t i n g  ma?.  . .  
1;e;itronics eF:ec:s csuze cczczrz r a t a e r  t h a a  caJszzg d e f i n i t e  limits 
f o r  core o p e r a t i c n .  For  exanp;e, a minimum core i n l e t  t e m e r a t u r e  l i m i t  
is i n d i c a t e d  i n  t h e  f i g a r e  t o  avoid  3 o s s i S l e  ?roSlems due t o  l i q u i d  hy- 
drogen o r  high d e n s i t y  hydrogen e n t e r i n g  t h e  core  and a f f e c t i n g  power 
d i s t r i b u t i o n ,  r e a c t i v i t y ,  and c o n t r o l .  A l i m i t  of  c o n s t a n t  r e a c t i v i t y  
i n c r e a s e  i s  p r e s e n t e d  t o  i n d i c a t e  t h e  o p e r a t i n g  regime where t h e  hydrogen 
i n  t h e  core i n c r e a s e s  r e a c t i v i t y  t o  t h e  2 o i n t  t h a t  r e a c t o r  coiitrol s h u t -  
down margin approaches zero.  Q e r a t i o n  beyond t h e  l i m i t a t i o n  cain only  be 
t r a n s i e n t  s i n c e  ~ o w e r ,  hence ex i t  tanrporature w i l l  i n c m a s e ,  forcing pro- - - 
p e l l a n t  o u t ,  b r i n g i n g  s t e a d y  s t a t e  o p e r a t i o n  back w i t h i n  t h e  o p e r a t i n g  map. 
The r e a c t o r  o p e r a t i n g  c o n d i t i o n s  are t h e r e f o r e  g e n e r a l l y  bounded as follows : 
a )  h igh  exhailst  t e v e r a t u r e  - f u e l  e lement  t e m p e r a t u r e ;  
5 )  l o w  flow, .:ig’:i t e n 2 e r a t a r e  - s t r u c t u r a l  t e x 2 e r a t u r e ;  
c >  high flow - c c r e  s t r u c t u r a l  i o a d  l i n i t ;  , 
d )  1 0 ~  ternseratime - n e u t r o n i c  l i m i t a t i o n s  t o  avoid  h igh  d e n s i t y ;  
e )  low tem?eratare, high flow - c o n s t a n t  r e a c t i v i t y  l i m i t  t o  a v o i d  
e l i m i n a t i o n  of c o n t r o l  span shutdown margin. 
The magnitude of t h e  e f f e c t  of t h e s e  l i m i t s  on o p e r a t i n g  range of a par- 
t i c u l a r  r e a c t o r  w i l l ,  of c o u r s e ,  depend on t h e  p a r t i c u l a r  d e s i g n  considered. 
These r e a c t o r  l i m i t s  w i l l  a f fect  t h e  s t a b l e  e n g i n e  o p e r a t i n g  ranee b u t  i t  
i s  c e r t a i n l y  p o s s i b l e  t h a t  non-reactor  components can be more c o n t m l l i n g  
i n  p a r t s  of t h e  o p e r a t i n g  regime. These o t h e r  engine  o p e r a t i n g  limits w i l l  
be  d i s c u s s e d  f u r t h e r  i n  the system c h a r a c t e r i s t i c s  d i s c u s s i o n .  
Reactor  iIeveloTnent s t a t u s  -- X”,sactor r e s e a r c h  a n d  develo?me.:t is 
b e i n g  conducted i n  t h e  LIdI and t h e  X R V k  p r o j e c t s .  
r e a c t o r  progress  w i l l  cover  both e f f o r t s .  
T .? i s  d i s c u s s i c c  of  
,:e K I W I  r e a c t o r  work ,S aimed 
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a t  e s t a b l i s h i n g  tihe b a s i c  r e a c t o r  technology and sound des ign  concepts .  ?'ne 
I K R V A  work i s  dimed a t  e s t a b l i s h i n g  f l i g h t  s u i t a b l e  des igns  based  on t h e  
K I i J I  concepts  and eng inee r ing  o p t i m i z a t i o n  of t h a t  des ign  t o  ach ieve  t h e  
maximum performance of which t h e  system i s  capab le  w i t h  h igh  r e l i a b i l i t y .  
S u b s t a n t i a l  p r o g r e s s  h a s  been made i n  t h e  r e a c t o r  area s i n c e  t h e  Los 
Alamos S c i e n t i f i c  Laboratory ( LASL) s t a r t e d  i t s  r e s e a r c h  and development 
work i n  1955,  T h i s  ear ly  work l e d  t o  t e s t i n g  a series of kI'dI-A r e a c t o r s  
which, as i n d i c a t e d  i n  F igure  111-6, 
t r o l ,  and n u c l e a r  c h a r a c t e r i s t i c  i n f o  f mation.  These K I ' d I - A  t e s t s  were run  ave impor t an t  d e s i g n ,  materials,  con- 
i n  1959 and 1'360. I 
I n  t h e  1<1'N1-31 series of r e a c t o r ' t e s t s  run i n  1 9 6 1  and 1962, ( F i g u r e  
111-7) LASL showed t h a t  t?lese r e a c t o r s  cou ld  be e f f e c t i v e l y  c o n t r o l l e d  by 
c o n t r o l  drums i n  t h e  re f lec tor  of t h e  r e a c t o r .  I t  was a l s o  shown t h a t  t h e s e  
r e a c t o r s  could  be ope ra t ed  wi th  l i q u i d  hydrogen as a coo lan t  and w i t h  a l i q -  
u i d  hydrogen cooled  n o z z l e ,  as would be r e q u i r e d  i n  f l i g h t  r o c k e t  sys tems.  
During t h i s  t ime, Los Alamos s c i e n t i s t s  and e n g i n e e r s  developed methods of 
f a b r i c a t i n g  t h e  uranium b e a r i n g  f u e l  e lements  , t hey  developed  i n s p e c t i o n  
t echn iques ,  they  developed an unde r s t and ing  of  t h e  e f f e c t s  of t h e  h igh  tern- 
p e r a t u r e  on t h e  n u c l e a r  c h a r a c t e r i s t i c s  of t h e  r e a c t o r ,  t h e y  a u t o m a t i c a l l y  
s t a r t e d  reactors w i t h  l i q u i d  hydrogen as t h e  c o o l a n t .  Such items marked 
t h e  s u b s t a n t i a l  p r o g r e s s  and advancement made d u r i n g  t h e  y e a r s  s i n c e  t h e  
program s t a r t e d .  
- Our  p r e f e r r e d  r e a c t o r  des ign  and %he one i n t e n d e d  €w XERVA a p p l i c a t i o n ,  
t h e  KI'NI-34A r e a c t o r ,  was t e s t e d  i n  iiovember, 1962 wi th  r e s u l t i n g  damage t o  
t h e  r e a c t o r  co re  due t o  f low-induced v i b r a t i o n s . .  A s h o r t  movie of t h a t  t e s t  
run shows t h e  f l a s h e s  i n  t h e  j e t  t h a t  i n d i c a t e d  g r a p h i t e  damage i n  t h e  core .  
During 1363  e x t e n s i v e  work was performed t o  i d e n t i f y ,  e x p l a i n ,  a i d  s o l v e  
t h e s e  v i b r a t i o n  problems. The r e a c t o r  program was o r i e n t e d  toward r e d e s i g n ,  
by LASL and Yest inghouse,  of  t h e  r e a c t o r  c o r e  s u p p o r t  s t r u c t u r e  and toward 
e x t e n s i v e  component subassembly,  and f u l l  r e a c t o r  ana lyses  and t es t s ,  i n -  
c lud ing  cold-f low r e a c t o r  t e s t s  ( f low t e s t s  i n  which no uranium f u e l  i s  con- 
t a i n e d  so  no f i s s i o n  energy i s  g e n e r a t e d ) ,  t o  uncover  t h e  sou rce  of v i b r a t i o n  
and damage t h a t  had occur red  i n  November 1962 and t o  avoid i t .  
t h a t  our r e d e s i g n s  do not  encoun te r  t h e  co re  v i b r a t i o n s .  
d e  now know 
One of  t h e  impor tan t  t e s t s  run l a s t  y e a r  was t h e  cold-f low KI'YI-34A 
r e a c t o r  t e s t  i n  May 1963  ( F i g u r e  111-8) t o  o b t a i n  conc lus ive  in fo rma t ion  
t h a t  v i b r a t i o n s  had indeed  occurred  i n  t h e  K I i v ' I - 3 4 A  power t e s t  of Novenber 
1 9 6 2  and t o  o b t a i n  an unders tanding  o f  t h e  cause  of t h e s e  v i b r a t i o n s .  This  
c o l d  f low t e s t  was needed because  co re  mechanical  v i b r a t i o n  i n s t r u m e n t a t i o n  
cannot  b e  i n c o r p o r a t e d  i n t o  a power r e a c t o r  s o  that  d e f i n i t i v e  v i b r a t i o n  
d a t a  were l ack ing .  A s  nad been hypo thes i zed ,  f low induced  v i b r a t i o n s  OC- 
c u r r e d  even wi thou t  any power b e i n g  gene ra t ed .  This  t e s t  demons t r a t ed , a l so ,  
tha t  burning of t h e  hydrogen l e a v i n g  t h e  j e t  n o z z l e ,  s e p a r a t e d  flow i n  t h e  
nozz le ,  two-phase flow i n  t h e  r e a c t o r ,  and o t h e r  f e a t u r e s  of  t h e  e a r l y  s t a r t -  
up p o r t i o n  o f  t h e  o ? e r a t i o n  were no t  t h e  cause o f  v i b r a t i o n s .  
c l e a r l y  proved  t h a t  t h e  v i b r a t i o n s  were flow-induced. 
This  t e s t  
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0 -  iestir ,g,  v;i a sairqlc b a s i s ,  of f u e l  e l m e n t  2 roduc t ion  l o t s  i n c l u d e s  
hot  p: tl-sts t o  e v a l u a t e  f u e l  element f l o w  and corrosion r e s i s t a n c e .  The 
Los ;JamJ .lot ~ ; d s  t e s t  r i G ,  used t o  e v a l u a t e  f u e l  elements, is sIiown i n  
fiC4r-e XiI-i3, The f u r x a c e  is capable  of ten ; ie ra tures  u? t o  363JOC (65OOOF) 
and ;)ressares u? t o  15a3? ?si w i t ! i  f lo iding nylrogen. +ies t lnghouse  concucts  
s i n i i a r  t e s t s  i : i  t ? j e i r  F a c i l i t i e s  i n  Pennsylvania .  These l ahora tory  tests 
are c x t ~ ~ i ~ r l y  i r p o r t a n t  i n  &velo?ing a n i  assessing t h e  l i f e  of fdel e lement  
materials and des igns  and arc a major f a c t o r  i n  e s t i m a t i n c  r c a c t o r  l i i e  be- 
fore  r e a c t o r  tests. 
h e  of the tests aimed a t  a s s u r i n g  s u i t a b l e  r e a c t o r  c o n t r o l  c a p h i l i t y ,  
flow d i s t r i b u t i o n ,  ?o.der d i s t r i b u t i o n ,  and t empera tu re  d i s t r i b u t i o n  through 
the reactcr  is shown i n  F igure  111-14. T h i s  i s  a c r i t i c a l  experiment  test  
;etu;l of t t ie  X i W A  reactor i n  srhich n u c l e a r  d a t a  were ob ta ined  a t  l o w  neu- 
t r o n  f l u x  Level; o r  e s s e n t i a l l y  Lero ?ower. It is an impor tan t  check of t h e  
n u c l e a r  c h d r a c t e r i s t i c s  of  t h e  r e a c t o r  which must be de te rmined  b e f o r e  a 
2ow.r t e s t  of t h e  r e a c t o r  i s  run. ?ower d i s t r i b u t i o n  ancl shutdown c o n t r o l  
s?ar, a re  a t ; l? ical  T a r a n e t c r  neasursd  d u r i n g  t h e  experiment .  
:-Ianjr other flow, s t r u c t u r a l ,  nuclear and mechanical  t es t s  have 3een 
conducted arid some me s t i l l  cont inuing .  This  enl inerat ion of only a ?ortion I 
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ccrn?rornise our t i a s t  o t j c c t  :ves.  The causes  of t‘le nozz le  l e a k  have been n a -  
ro*lcd t o  crie or’ t w o  2 o s ; i L i l i t i e s .  
t : ierz  ? ~ ~ ~ i b i i l  t i e r .  > . l r h r ~ ~ & h  it lnvolves  a d i f f i c u l t  technoloEy,  t h e  nozzle 
is n J t  an al‘ea t !ut af f - .c=;  t : l e  basic aeve1o;abi l i t ;  o r  a v a i l a b i l i t y  of nu- 
,:e arc modifying t h e  nozzle t o  o l i r n i n a t c  
cl?t~:< 1’0ckits. 
I n  adci t io .1 ,  t!lc LZJZ-34L (F igure  111-17). was o p e r a t e d  s u c c e s s f u l l y  as 
a n o t ! e r  s i g n i f i c a n t  mi les tone  i:i o u r  d e v e l q m e n t  program. The test  w a s  con- 
d u c t e d  a t  ;.lan:isd ?owgar flo!J and tempera ture  c o n d i t i o n s  f o r  a tes t  d u r a t i o n  
of o v e r  8 minu tes  ‘i’ high Tower, t n e  maximum t i n e  p o s s i b l e  w i t h  t h e  a v a i l a b l e  
p r o p e l l a n t  sup;?ly. 
i n d i L - a t e d  o u r  retict .r d e s l p  i s  fundamentali]  sound ani s u i t a b l e  far use i n  
a :Ii.rlcdr r a c k e t  e r ~ ~ - i n e .  7 i e  f u l l o w i n g  i n f r a r e c  novie  sheds t h e  power t e s t  
of t:-ie 1<I~dl-3+-. i r , f r a r c d  i ; l m  t h e  e x n s u s t  jet i s  c l e a r l y  def ined .  h i s  
f i J r r  g i v e s - a  ~ C J L  ii-ed of n:’i*l l ~ n g  an e i g h t  r l inute f i r i n g  is. 
Tf ie  s u c c e s s f u l  o p e r a t i o n  of t h e  r e a c t o r  d u r i n g  this test 
- 7  t e s t ;  are Trajor i . , i iestoncs i n  t h i s  cc . i ;ntrr‘s  program to develc;, 
advanced rocket ?rc?Jl, :D: snrl  clear rocke t  >x?u: ; im i n  p a r t i c u l a r .  I t  
wil, s e r v e  as e i1r-i ~z.,.r3 5c.r t i e  dzveio?rnent work 15s: i s  t o  follow. Xork 
is ; t i l l  needed t o  m a k e  t 5 p C - 2  s y s t e n s  oFera te  f c r  even longer  times and t o  
deslgn and. davelo? t h e n  to .!igher ?o:<ers. ?!:e reactor t e s t s  t o  5e r u n  dur- 
i n g  t’le rest cf t h ; ;  y e a r  and t’,e r e a c t o r  t e s t s  to be run n e x t  y e a r ,  inc lud-  
i n g  i m p o r t m t  laoora tor - i  t e s t s ,  wiil f u r t h e r  e v a l u a t e  the Los Alamos des ign  
and d i l l  a l so  te;: tfie !est inghouse design.  This  work i s  aimed at demon- 
s t r a t i x g  c;>t:rat i v n  a t  longer  d u r a t i o n s  and higher powers and t empera tures  
t h c n  t!icse achicvetl  i n  t h e  XIVI-94 tu.s%.. - 
r. 
- -  - 
Prone1 lan t Feed Svs fern 
Thc  ? ro?e l l an t  feed system i n c l u d e s  a turbolum? assembly, tank s h u t o f f  
i L l i e ,  :a ;se .,iihc - L ,?tro: v a i v e ,  and a s s b c i a t e d  i i a e s .  The purpose of 
t l i i >  t o t z l  J y ~ t ~ m  i to 2 r o v i d e  ,>rG?ei lant  a t  t h e  d e s i r e d  p r e s s u r e  and flow 
m t o s  t o  t ? e  n c L z l e ,  2 r a s sz re  vessel, r e a c t o r  a3serrbly. 
‘un; incr.eLllses tiie L iGuid  nydrogen 2 r o p e l l a n t  ? r e s s u r e  frorn t h e  tank s t o r -  
dge ?ressure  tc n o , - ~ l e  i ? l e t  2 r e s s u r e  a t  a fro,+ rate of about  70 l b s .  ger  
s+scond. 7oder tr&..nis;ion from t h e  t u r b i n e  t o  t h e  pump imposes a signifi- 
c a n t  t e a r i n g  ur?ziga aiid development requirement .  
t o  t h e  oile shonia i n  Figure 111-18 i s  b e i n g  developed for use i n  t h e  e x p e r i -  
rilental grouna t e s t  cngiiie system. d e a r i n g s  f o r  t h e  turbopump assembly are 
cooled a a  l u b r i c a t e d  w i t t i  hydrogen. I 
A turbopump des ign  similar 
The tJrDi:ie ?o$:er c o n t r o l  valve r e g u l a t e s  the turbine d r i v e  f l u i d  flow 
r a t e .  tivt gas t u r t i n e  i n l e t  f l o v  i s  c o n t r o l l e d  tnrough t h e  full valve  range 
iroin o?er. t o  c losed .  The va lve  i s  a c t u a t e d  p e u m a t i c a l l y  and is shown witn 
a: uctua tor .  attdc,ieC i n  F igure  111-19. 
l 
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k tank shu to f f  va lve  i s  2 m v i d e d  t o  keep p ro2e l l a r i t  from r e a c h i n g  t h e  
?ump u n t i l  engine  o?e ra t ion  i s  d e s i r e d .  
c losed w i t 1 1  low or no ledkage, o r  open ,lit!] l o w  p r z s s u r c  c rop  a t  f u l l  pro- 
p e l l a n t  flow. T h e  va lve  has  p r o v i s i o n s  for remote connec t -d isconnec t  cap- 
a b i l i t y  for grounu t e s t i n g .  However, t h e  tank  s h u t o f €  va lve  requi rements  
are no t  c l o s e l y  coupled t o  t h e  engine  dynamic c h a r a c t e r i s t i c s .  The re fo re  
t h e  expe r imen ta l  Ground engine  system w i l l  use  e i t h e r  a low p r e s s u r e  dro? 
f a c i l i t y  type  va lve  or an e a r l y  development model t ank  s h u t o f f  v a l v e ,  
The two-2os i t ion  va lve  i s  e i t h e r  
The turbopump assembly ancl t u r b i n e  ;)oLier c o n t r o l  va lve  have a major 
c i f e c t  i n  e s t a b l i s h i n g  t h e  dynamic o p e r a t i n g  c h a r a c t e r i s t i c s  of  t h e  eng ine .  
F o r  tlii:; r e a s o n ,  developinerit of f l i g h t  t y p e  u i l i t s  i s  b e i n g  c a r r i e d  out  for 
u s e  i n  ground t e s t i n g  the expe r imen ta l  engine  system. 
The c e n t r i f u g a l  flow pump f o r  t h e  cnCine systG:m \.~d:i s e l e c t e d  from t h e  
choice  oetween c s n t r i f u g s l  f1o.J arid a x i a l   lob^.. , ; ~ i i l e  i t  ap?earec! t h a t  
e i t h e r  pum? ty2e  cou ld  s d t i s f y  t h e  engi:ie requirement;  a t  t h e  s t e a d y  s t a t e  
d e s i p  p o i n t ,  t h e  c e r i t r i f u g a l  flow ?urn;, ol'f er.; a ~ i d c r .  o p e r a t i n g  range .  
S ince  n u c l e a r  rocke t  engine  o p e r a t i n g  c h a r a c t e r i s t i c s  a re  d i f f i c u l t  t o  
p r e d i c t  a t  t h i s  time w i t h  g r e a t  c e r t a i n t ?  Lefore e x t e n s i v e  t e s t i n g ,  t h e  
c e n t r i f u g a l  flow pum? das s e l e c t e d  t o  asaurc2 tLiat  <i s n z l e  lump des ign  w i l l  
p rovide  p r o T e l l a n t  f l o v  over a , i idc  range of 2 o i s i b l e  q e r a t i n g  c o n d i t i o n s ,  
thus  avoid ing  an o 2 e r a t i n g  range l i m i t a t i o n .  Some f u r t h e r  des ign  modif ica-  
t i o n  ol' tlie c e n t r i f u g a l  pump i s  de ing  c a r r i e d  out t c  p rov ide  t h e  d i d a s t  
2o ;s ib le  rang2 of n e g a t i v e  c h a r d c t z r i s t i c  s;ope. T h i s  s lo?e ,  when  z e r o  or 
sl - ight ly  p o s i t i v e ,  may r e s u l t  i n  a tQ ta l  s;rsteri 1 : i s t a b i l i t . j  which could  be 
d i f f i c u l t  t o  avoid .  
s o s s i b l e  c o n d i t i o n  dnil t o  I r o v i d z  broad  opcr2 t i i ig  marzins .  
Lvcry e f f o r t  i s  Leing 7 ade i n  des ign  t o  avo id  s ~ c h  a 
-- A g e n e r a l i z e d  c e n t r i f u g a l  f low turbopump 
o p e r a t i n g  map i s  p r e s e n t e d  i n  F igure  111-23. L i m i t a t i o n s  caused by ?ump 
stall, n e t  T o s i t i v e  s u c t i o n  head and a t u r b i n e  2o.der l i m i t  i n d i c a t i o n  a t  
3?ec?Cy ,tr3-t-' < j r o  sn WI. i?ossii  le +ngine  r e ~ ~ i r ~ ~ r r i c n t s  a r e  u?erim?osed on 
t n c  o;ierdtinz map. iiie engine requi rement  cGvers only a small  ? o r t i o n  of 
t h e  a l lowahie  range oi ?urn? o p e r a t i o n ;  k.owevcr, t!ie. wide o p e r a t i n g  l i m i t s  
provicic assurdnce  t h a t  turbopump character is t ics  will be compatible  i f  com- 
2onent  c r i a r u c t e r i s t i c s  r e q u i r e  mod i f i ca t ion  du r  i r : ~  t h e  develo?ment 2 rocess .  
r_ll v 
kvelo2ment  i t d t u s  -- The turbopump and t u r b i n e  poirer c o n t r o l  va lve  
have been under develoilinent s i n c e  s h o r t l y  a f t e r  t h e  :u'ZRVA P r o j e c t  began. 
T m h  shu to f f  va lve  develo2ment has been conducted as a s lower  e f f o r t  s i n c e  
I t  does not  appear  t o  be a c r i t i c a l  item for t h e  expe r imen ta l  engine  i n -  
v e s t  i gd t i  on, 
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The n o z t l e  h a s  proven t o  be  a d i f f i c u l t  T r a c t i c a Z  develo2mnt i n  o u r  
nuclear w c k t t  work. A n u c l e a r  rocke t  nozzle i s  f a b r i c a t e d  t o  inc ldde  a 
mgenera t  ive ly-cooled  convergent-divergent  f low ?at!, f a r  r e z c t o r  ex?,axs t 
&as L'X?amion t o  !;igh v e l o c i t y ,  The nozzle a l s o  2 m v i d e z  z ?re>L.i?e s h e l l  
for .  tile conv2rgent section t o  wi ths tand  t n e  load; i i y x z e c  :,-: r 
..ahst 2 r ~ s s i i r ~ .  T h e  iiozzle is cooled hi' the r.ain ? m ; Z l i a i . , t  f 
rnain:di:i n . ~ ~ s i s  materials a t  an a c c q t m l e  t e n 2 e r a t x  e L ' v ~ z r .  :+ 
to t'zt liif:!1 t s q e r a t u r e  r e a c t o r  exhaust  gas t~76 t c  rz*-ove ??a; 
r:azzie ;?res,iire s . ie l l  Liie xo n u c l e a r  radiation sr,e~~-; ,c~c;:*,l 
nozzla deai;n must cons ide r  f u l l y :  
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a> t h e  Iiizh h e a t  t r a n s f e r  rates from t h e  main exhaus t  s t r e a m  t o  t h e  
nuzzle  c o d a n t  tuLcs due t o  h igh  h e a t  c o n d u c t i v i t y  of hydrogen ; 
l.11 t h e  use of hydrogen as p r o p e l l a n t ,  which requires e x c l u s i o n  o f  
a i r  from t h e  nozz le  and p r e v e n t i o n  o f  any hydrogen leakage;  
c )  tile large c o n t r d c t i o n  r a t i o  i n  t h e  convergent  s e c t i o n  t o  p rov ide  
a t r a n s i t i o n  from t h e  r e a c t o r  o u t l e t  d i a m e t e r  t o  t h e  t h r o a t  diam- 
e t e r ,  This  high r a t i o ,  p e c u l i a r  t o  n u c l e a r  r o c k e t s ,  r e s u l t s  i n  
l a r g e  t a n g c n t i a l  and l o n g i t u d i n a l  stresses which must be con ta ined  
by t h e  i iozzlc  p r e s s u r e  s h e l l ,  
O u r  c u r r e n t  e f f o r t s  i n  noLzle  d e s i g n  a d  development i n c l u d e  : 
eff-0rt.s t o  es tiniste, more a c c u r a t e l y ,  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  
froto t h e  h o t  exhaus t  t o  t h e  nozz le  coo lan t  l e a d i n g  t o  d e t e r m i n a t i o n  
of tsrriperatures and stresses i n  n o z z l e  coo lan t  t u b e s  ; 
i n t w s t i g a t i o n  o f  a l t e r n a t i v e  d e s i g n s  and materials t o  p rov ide  added 
margins between o p e r a t i n g  t empera tu res  and materials c a p a b i l i t i e s  ; 
de te rmina t ion  o f  energy d e p o s i t i o n  r a t e  i n  p r e s s u r e  s h e l l  and as- 
;urance of adequate  coo l ing  p r o v i s i o n s  t o  ma in ta in  t h e  p r e s s u r e  
slieli a t  an a c c c p t a b l e  t empera tu re ;  and 
i r i ves t iga t ion  of f a b r i c a t i o n  and q u a l i t y  a s su rance  t echn iques  which 
allow f a b r i c a t i o n  and a s su rance  t h a t  n o z z l e s  are b u i l t  as r e q u i r e d  
t o  wi ths t and  a l l  o p e r a t i n g  c o n d i t i o n s ,  This  p r a c t i c a l  a r e a  r ep re -  
s e n t s  o u r  major  problem area. A s  p a r t  of t h i s  problem, t h e  d i f f i -  
c u l t y  of d imula t ing  o p e r a t i n g  c o n d i t i o n s  s h o u l d  be p o i n t e d  ou t  
h e r e ,  al.though it  i s  d i s c u s s e d  i n  t h e  Advanced Engine S e c t i o n .  
Figure 111-22 i s  a photograph of a n o z z l e  f a b r i c a t e d  by Aerojet-General  
for use i n  1iRX r e a c t v r  t e s t i n g .  The nozz le  i s  shown wi th  an a d a p t o r  and 
cherriicdl f u e l  i n j e c t o r  used to conduct chemical  s i m u l a t i o n  f i r i n g s .  F igure  
111-23 i s  d view of an a l t e r n a t e  nozz le  des ign  f a b r i c a t e d  by Rocketdyne f o r  
the &I!JI reac tor  t es t s .  This  nozz le  can h l s o  be used  for 1JKX r e a c t o r  t es t s  
i f  needed. Altliough t h i s  des ign  w i l l  p r e s e n t  some improvement ove r  t n e  
nozz le  u.;t.c! i n  t h e  K I c J I - i i 4 D  t e s t ,  some o f  t h e  f a b r i c a t i o n  and i n s p e c t i o n  
p r d J 1  ? ins  rein4 c. 
~ . Ic )z~ ie  d ve1o;irnent for t h e  n u c l e a r  rocket is proceeding  wi th  a s i g n i f -  
i c a n t  amount of e f f o r t  devoted  t o  it. However, we cannot  y e t  s ay  we have 
obta ined  d nozz le  des ign  Lqith s u f f i c i e n t  demonst ra ted  r e l i a b i l i t y  t o  meet 
dl1 of t h e  r e a c t o r  and engine  t e s t  requi rements  i n c l u d i n g  r easonab le  f l i g h t  
t ygt. o;, war  i. ng capdbi  l it  i es . 
The remaining components of t h e  t h r u s t  chamber assembly are t h e  p r e s -  
sure vesse l  and t h r u s t  s t r u c t u r e .  
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?re;sure  vesdL-ls  been f a b r i c a t e l  Lotn w i t h  t i t a n i u m  an2 d i t h  
aluminum d l l o y s .  The u n i t s  nave been s > m j e c t e d  t o  i i y d r o s t a t i c  t z s t s  and 
c l o s u r e  s ea l  tes ts .  3ot:) des igns  ?roved accep tab le .  'The aluminam des ign  
was s e l e c t e d  because of o u r  g r e a t e r  f a m i l i a r i t y  wit :?  t h e  material. A 
photoZra?h of a11 aluminum 2 r e s s u r e  v e s s e l  is shown i n  f i g u r e  111-24. 
T h e  t;ir:Ast s t r a c t m e s ,  b o t h  u?per and lower ,  are des igned  ana  f a r i -  
rnl catec! of stai r , le  s ;:eel. lrie s t r u c t u r e  s u p p o r t s  a n i  t r a n s m i t s  t h r u s t  a n i  
b o o s t  l o a d s  iietnci7i1 t'ie enZinc and s t a g e  and c o n t a i n s  F r o v i s i o n s  f o r  mount- 
vie.4 c,: x;ie t ' , ~ \ u - t  5tr;::ture mountei  i n  a f i x t a r e  f o r  dynamic t e s t i n g .  ii 
s impler -  u n i t  n.ili - e  J ~ ~ L  F o r  t le gmund t e s t s  of t h e  exTer inen ta1  engine  
S ' I S  t e n ,  
I - -  ,i t% tsd)c?dm;,  Cisseni;'' a d  t a l k  s h u t o f f  va lve .  ' izure  111-25 shows a 
Cont ro l  System 
The engine  c o n t r o l  system rnust n a i n t a i n  s t a b l e  engine  c h a r a c t e r i s t i c s  
d u r i n g  s t e a d y  s t a t e  ope ra t ion  i n  t h e  power range.  I n  a d d i t i o n ,  t h e  system 
c o n t r o l s  the eng ine  du r ing  t r a n s i e n t  o 2 e r a t i o n s  such as s t a r t u p ,  normal  
shutdown, and r e s t a r t ,  i f  r e q u i r e d  f o r  t h e  mission.  This  sys tem must pro- 
v i d e ,  where p r a c t i c d l e ,  for  ope ra t ion  w i t h  coinponent degrada t ion  or m a l -  
t a i n  r e a c t o r  exhaus t  gas  tempera ture  and r e a c t o r  exhaus t  gas  2 r e s s u r e  which , 
i n  t d m ,  det.erni:ie en2ine  s ? e c i f i c  im?ulse an3 t n r u s t .  
f u n c t i o n .  A n u c l e a r  rocke t  c o n t r o l  system c o n t a i n s  c o n t r o l  loops  t o  main- _- 
T:ie :;ZZVA engine  c w t r o l  system d e t a i l s  have n o t  heen f i x e d  y e t ;  how- 
ever,  t y ; ) i C d  sTistems have beer. i n v e s t i g a t e d .  h r e p r e s e x t a t i v e  2 r e s s u r e  
anc; te: p e r i t w e  cmtrol sc?.eme i s  d i scussed  below. 
? ressure  c o n t r o l  ca:l he achieved by c o q a r i n g  measured r e a c t o r  ex- 
h a u s t ,  i . e . ,  nozz le  chdmber p r e s s u r e ,  n i t h  t h e  p r e s s u r e  l e v e l  demanded by 
a ?rogrammer. The e r r o r  s i g n a l  provides  a b a s i s  f o r  p o s i t i o n i n g  t h e  t u r b 3 -  
pump c o n t r o l  va lve  n i t h  a pneumatic  a c t u a t o r .  The va lve  p o s i t i o n  changes 
i-lv,.~ t o  t h e  t u r b i n e ,  w h i c h  t 3e rehy  changes = u q  speed ,  f low, and i ? r e s s w e  
oul ?ut 
Tem2erature c o n t r o l  can be  achieved  by trimming t h e  o u t p u t  of an i n -  
ner loop w ! i i c h  c o n t r o l s  r > e a c t o r  ?ewer. Reac tor  power can be c o n t r o l l e d  by 
com?ar.inr ac tua l  neut ron  flux ( p r o p o r t i o n a l  t o  r e a c t o r  ponier) w i th  d e s i r e d  
flux. 
t o r  c o n t r o l  drams x i t h  2neumatic  a c t u a t o r s .  The d e s i r e d  powen i s  n,odif ied 
by an e r r o r  s i p d l  generateci  by comparing chailber tem?era ture  x i t ?  d e s i r e d  
t e n l e r s t u r e .  
dernand s i g n a l  i n p u t  t o  t h e  power c o n t r o l  1007. The t o t a l  t e n ? e r a t u r e  cor- 
r e c t i o n  al lowed i!: tile ;.c;,<er loo2 car be L i x i t e d  t o  a f r a c t i o n  ci t . 2  de- 
rncvlded >ewer, t o  avo id  a major  power i n c r e a s e  i n  t h e  even t  of ~ O C Z  of t h e  
tenpe ra t  ure s i e n  a1 . 
T h e  e r r o r  s i g n a l  2 r o v i d e s  a basis f o r  2 o s i t i o n i n g  t h e  twelve reac- 
Ti12 r e s u i t i n g  teE?eratLire s i g n a l  p r c v i d e s  an ac , l i : i snd  ?ewer 
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h bloch diagram of a t y p i c a l  n u c l e a r  rocke t  engine  c o n t r o l  sys tem i s  
p resen ted  in Figure  111-26. The p r e s s u r e  feedback c o n t r o l  €or flow as 
x e l l  t h e  r e a c t o r  tempera ture  and power c o n t r o l  loops are i n d i c a t e d .  T h e  
i n v e s t i g a t i o n  of va r ious  o p e r a t i n g  modes i n  t h e  ground engine  t e s t  program 
w i l l  d e f ine  the c o n t r o l  r:ode t o  be used i i i  f l i g h t  sys tems.  
Control system development i s  proceeding .  Con t ro l  c i r c u i t s  arc be ing  
pdcicagad f o r  i n s t a l l a t i o n  i n  t h e  t e s t  f a c i l i t i e s ,  b u t  packaging t h e s e  c i r -  
c u i t s  f o r  f l i g h t  hardware w i l l  no t  be r e q u i r e d  u n t i l  f l i g h t  e n g i n e  develop-  
ment i s  undertakeli .  Actua tors  f o r  r e a c t o r  c o n t r o l  drums and the  t u r b i n e  
power con t ro l  va lve  are a l s o  b e i n g  developed.  
Pneumdtic systems have been s e l e c t e d  t o  p rov ide  t h e  a c t u a t i o n  capa- 
b i l i t y ,  Pneumatics were s e l e c t e d  because p r e s s u r i z e d  hydrogen gas  i s  a v a i l -  
a b l e  wi th in  t h e  engine  c y c l e  i t s e l f  and pneumatic  systems t e n d  t o  be more 
r a d i a t i o n - r e s i s t a n t  than  h y d r a u l i c  systems.  F igure  111-27 shows a develop-  
ment a c t u a t o r  u n i t  undergoing envi ronmenta l  t e s t i n g .  
Control  s e n s o r  development i s  a key problem a rea .  E f f o r t s  are b e i n g  
d i r e c t e d  t o  o b t a i n  s e n s o r s  which o p e r a t e  r e l i a b l y  i n  t h e  r e a c t o r  envi ron-  
m e n t .  Our needs i n c l u d e  a wide range neut ron  f l u x  measurement, a r a d i a t i o n -  
r e s i s t a n t  p r e s s u r e  s e n s o r ,  and a qu ick ly  responding  measurement of t h e  h igh  
tempera ture  r e a c t o r  exhaus t  gas .  
S YS TE M CHARACTEHI S TICS 
Component c h a r a c t e r i s t i c s  d i s c u s s e d  above are combined t o  o b t a i n  s y s -  
tem c h a r a c t e r i s t i c s  t ha t  are d i s c u s s e d  i n  t h i s  s e c t i o n .  Some t r a n s i e n t  
c h a r a c t e r i s t i c s  of t h e  engine  are inc luded .  I n  a d d i t i o n ,  f a c i l i t i e s  i-- 
volved  w i t h  sys tem development are d e s c r i b e d  and development s t a t u s  of  t h e  
eng ine  systsm i s  p resen ted .  
aperat i r i r ,  C h a r a c t e r i s t i c s  
Steady S t a t e  -- Typica l  t r e n d s  of s t e a d y  s t a t e  o p e r a t i n g  c h a r a c t e r i s -  
t i c s  of n u c l e a r  r o c k e t  eng ine  sys tems are p r e s e n t e d  on an engine  o p e r d t i n g  . 
m a ? ,  i n  I ' igure  111-28. Trends on t h e  chamber t empera tu re  vs .  chamber p re s -  
s u r e  p l o t  are g e n e r a l l y  s i m i l a r  t o  t h e  ones d e s c r i b i n g  r e a c t o r  l i m i t s .  liow- 
e v e r ,  r e 2 r e s e n t a t i v e  l i m i t s  imposed by t h e  turbopump and t h e  nozz le  a r e  
added, The rilap shows a regime f o r  s t e a d y  s ta te  o p e r a t i o n  where components 
are not l i m i t i n g .  The regime runs  from approximately 1 0 0  p e r c e n t  power a t  
des ign  p o i n t  c o n d i t i o n s  down t o  approximate ly  43 p e r c e n t  of des ign ,  F l i g h t  
performance w i l l  be a t  maximum s p e c i f i c  impulse and t h r u s t ;  however, some 
ground tes t  o p e r a t i o n s  can be  conducted p r o f i t a b l y  a t  lower power cond i t ions .  
A s  you w i l l  n o t e  i n  F igure  111-28,  t h e  l i m i t a t i o n  t o  engine  o p e r d t i o n  i s  
determined mainly by  t h e  r e a c t o r .  Turbopump s t a l l  may be  less c r i t i c a l  than  
reactor s t r u c t u r a l  coo l ing  requi rements  as i n d i c a t e d ,  however t h e  r e l a t i o n  
Letween t h e s e  l i m i t s  may be  d i f f e r e n t  f o r  d i f f e r e n t  r e a c t o r  des igns  and t h e  
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r e l a t i o n  may vary as c-1-g ozz-nt ::aracteristic; a r e  -,edified. i..e n o z z l e  
wall temperat ime may l l n i t  a smLi reg ion  ef high t e q e r a t u r e - ? a r t i a i  f i o v  
c o n d i t i o n s  arid t h e  tu r>o;?m? c o n t m i  va lve  f low area nay a f f e c t  a r e g i o n  
of h igh  floyJ 2 a r t i a l  t eTpera Iu re  opera t ion .  
T r a n s i e n t  -- In  a c d i t i a n  t o  a need t o  o p e r a t e  s t a b l y  w i t h i r ,  t h e  s t e a d y  
s ta te  map, we m u s t  f i n o  s a t i s f a c t o r y  operating liries for t h e  eng ine  t o  fcl- 
low d u r i n g  all s t d r t u ?  and operatinE; c o n d i t i o n s  xit l ' lodt exceeding  component 
limits. The engine  must Doo t s t r ap ,  t h a t  Is ,  use t h e  l a t e n t  h e a t  stored 
w i t h i n  t h e  r e f l e c t o r  azL r e a c t o r  core  t o  p rov ide  t h e  energy souz'co fr?r feed 
sys tem a a e l e r a t i o n .  :;omina: s t u d i e s  of  s t a r t u p  t r a n s i e x t  o 2 e r a t i o n  i3  
vacuum i n d i c a t e  t h e  i i n d a n e n ~ a ;  f e a s i b i l i t y  of b o o t s t r a t  s t a r t .  
rc3l is t ic  s t an iqs  are con;li c a t e d  ar eng ine  c n i l l d e m  c h a r a c t e r i s t i c s  
;recl?urnr; ?'urn? accelerati,:, m~",;i : cssiblt i n t e r m i t t e n t  f low choking in t h e  
nazz le  c o o l i n g  passages  d,ring s z a r t .  
z r e s s u r e  effects t i ~ r i n g  3 t x - t ~  iz t h e  g r ~ ~ " :  t e s t  f a c i l i t i e s ,  
However, 
f .  
de m e  a l s o  concerned d o a t  back 
Engine c h i l l d w n  is Le ing  s t u d i e d  i n  expe r imen ta l  i n v e s t i g a t i o n s .  These 
i n v e s t i g a t i o n s  arc be ing  conducted t o  de te rmine  d e s i r a b l e  arrangement  and 
sequenc iag  of cryogenic  va lves .  Some of our  m n c e r n s  ir, t h i s  arsa i n c l u d e  
t h e  need t o  avoid  t u r b i n e  overspeed ,  a c c e l e r a t i o n  margin of t h e  turbopump, 
and o v e r c h i l l i n g  of t h e  r e f l e c t o r  and core which lovers t h e  energy a v a i l -  
able for h o o t s t r a g  start .  
_- During the earl]  p o r t i o n  of engine  s t a r t ,  gaseous hydrogen flow may 
be  choked i n  t h e  n o z z l e  coo lan t  passages .  The r e s u l t a n t  h igh  p r e s s u r e  
dro? :n t l i e  n c z z l e  l o ; ~ c ~ s  a v a i l a b l e  t u r b i n e  i n l e t  ? r e s s u r e  ani! a f f e c t s  
L o o t s t r d t  d c c e l e r a t i o n  narg in .  T h i s  e f f e c t  i s  be ing  e v a l i a t e 3 .  
F a c i l i t y  l i m i t a t i o n s  t o  t e s t l n g  are a l s o  cf concern.  Tor example,  t h e  
a l t i t u d e  s i m u l a t i c n  s;rste:n i n  E"-1 cannot  m i n t a i n  low p r e s s u r e  du r inp  the 
ear ly p e r i o d  of s t a r t  an4 Test Ceil A t e s t i n g  i s  concucted wi thou t  a l t i t u d e  
s i m u l a t i o n .  The e f f e c t  of  t h e s e  non- idea l  back p e s s u r e  c o n d i t i o n s  on en- 
g i n e  exhaus t  ailti on t u r b i n e  ex5aus t  are b e i n g  i n v e s t i g a t e d .  
back 2 r e s s u r e s  reciuc2 b o o t s t r a p  a c c e l e r a t i o n  margin and "e must be a s su red  
t h a t  s u f f i c i e n t  mar-gin remains t o  conduct adequate  s t a r tu ; ,  t e s t s  
The n i g h e r  
S t u d i e s  are c o n t i n u i n g  and expe r imen ta l  data are be ing  o b t a i n e d  which  
will l e a d  t o  b e t t e r  unde r s t and ing  of the s t a r t u p  t r a n s i e n t ,  p a r t i c u l a r l y  
i n  t h e  i n i t i a t i o n  of p r o p e l l a n t  flow, where w e  lack knowledge of turbopump 
a c c e l e r a t i o n  c h a r a c t e r i s t i c s  and where hydrogen b o i l i n g  and two-?hase flow 
are s i&ni i ' i ca ; i t ,  ;i:,iilar t r a n s i e n t  s t u d i e s  are b e i n g  conducted t o  d e t e r -  
m i n e  iwgine s y s t e m  c h a r a c t e r i s t i c s  du r ing  s'lutdown t o  a s s u r e  t h a t  the con- 
t r o l  ;ystern w i l l  avoid c o n d i t i o n s  w h i m  exceeu com2onent l i m i t a t i o n s .  Xe- 
s t a r t  s t u d i e s  are  also s i g n i f i c a n t  i n  t h a t  t'ie i n i t i a l  cond i t ion ,  :,f r e a c t o r  
te rnpera ta res  are C i f f e r e n t  t han  d w i n g  aormai  s t a r t u a s .  
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Development s ta t  us 
Lngine system experiments  i n v o l v e  f a b r i c a t i o n ,  assembly and t e s t i n g  
t h r e e  exper imenta l  system des igns  t h a t  t e r m i n a t e  w i t h  an exper imenta l  nu- 
clear rocket  engine  system t e s t e d  i n  a downward-firing, s i m u l a t e d - a l t i t u d e -  
c a p a b i l i t y  engine s t a n d .  
The f i r s t  system i s  a c o l d  flow version of the n u c l e a r  r o c k e t  engine.  
This  will i n c l u d e  t h e  c r i t i c a l  component:-; of t h e  engine  i n  a close-coupled 
assembly.. 
n e n t s ,  so t h a t  no p a r e r  will be procluced d u r i n g  co ld  flow tes t s .  
system, the Cold Flow Development Test System (CFDTS), w i l l  be uszd t o  in-  
v e s t i g a t e  t h e  e a r l y  p o r t i o n s  of t h e  engine  s t a r t  where turbopum;! a c c e l e r a -  
t i o n  c h a r a c t c r i s t  ics  and engine  chil ldown phenomena cannot be p r e d i c t e d  
a c c u r a t e l y .  
The  r e a c t o r ,  however, w i l l  b e  assembbed u i t h  non-fueled camp<?- 
T h i s  
The CFDTS t e s t i n g  w i l l  be conducted i n  the ii-Area t e s t  complex of  t h c -  
Aerojet-General  Corporat ion.  
s e v e r a l  t e s t  p o s i t i o n s  f o r  nozz le  and turbopump component t e s t i n g  as w e l l  
as system t e s t  c a p a b i l i t y .  
l a r g e  l i q u i d  hydrogen run tank ,  
Center  of  NASA is  also p r o v i d i n g  informat ion  about  t r a n s i e n t  c h a r a c t e r i s -  
t i c s  of g e n e r a l i z e d  n u c l e a r  r o c k e t  engine.  This work is d e s c r i b e d  i n  t h e  
s e c t i o n  on our  Advanced Research and Technology work. 
This  complex, shown i n  Figure 111-29 ,  has  
The system t e s t  ~ o s i t i o n  i s  underneath t h e  
T e s t i n g  underway a t  t h e  Lewis Research 
. --. A f t e r  completFon of t h e  CFDTS-test se r ies ,  t h e  syst-em w i l l  be used a t  
t h e  Nuclear Rocket Development S t a t i o n  (NRDS) i n  Nevada, f o r  p r e p a r i n g  t h e  
Zngine l e s t  Stand for power engine  t e s t i n g ,  All engine  system power tests 
w i l l  be conducted a t  XRDS. 
A t  XKDS we have made s u b s t a n t i a l  p r o g r e s s  i n  p r o v i d i n g  t h e  necessary  
f a c i l i t i e s  f o r  n u c l e a r  t e s t i n g  i n  t h e  Nuclear Rocket Program. These fa- 
c i l i t i e s  r e p r e s e n t  a n a t i o n a l  c a p a b i l i t y  t h a t  is n o t  d u p l i c a t e d  anywhere 
e l se  i n  t h e  United S t a t e s .  
or now under c o n s t r u c t i o n  are two reactor tes t  cells, "A", and "C"; an en- 
g i n e  t e s t  s t a n d ,  CTS-1; t h e  Reactor Maiptenance Assembly and Disassembly 
i iu i ld ing ,  R-MAD; an Engine Maintenance Assembly and Disassembly B u i l d i n g ,  
E-MAD; and an a d m i n i s t r a t i o n  area, 
The major f a c i l i t y  items c u r r e n t l y  i n  e x i s t e n c e  
The second engine  system is  being des igned  t o  i n v e s t i g a t e  engine  sys- 
t e m  c h a r a c t e r i s t i c s  by modifying t h e  r e a c t o r  c o n f i g u r a t i o n  t e s t e d  i n  t h e  
r e a c t o r  tes t  ce l l s ,  Ne p l a n  t o  i n s t a l l  a turbopump and hot  b l e e d  n o z z l e  
on a t e s t  car i n  conjunct ion  w i t h  an NRX reactor tes t .  The assembly i s  
t h e n  an engine  sys tem experiment;  however, t h e  engine  f i r e s  upward w i t h  
t h e  nozzle  e x h a u s t i n g  i n t o  t h e  atmosphere,  The s t a r t  t r a n s i e n t s  are ob- 
t a i n e d  under high backpressure  c o n d i t i o n s .  This  t e s t  system w i l J .  allow US 
t o  s tudy  s t a r t u p  c h a r a c t e r i s t i c s  and o b t a i n  o p e r a t i n g  d a t a  i n  pax'ts of ?he 
s t e a d y  s t a t e  engine  o p e r a t i n g  map. 
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. . _  . -. T e s t i n g  . i i i i ,  ,C c ~ n ~ ~ c t e c ,  at Ye;: , ^ e l l  ,., jzl'jdn ,n : l g ~ r e  i I i -33 .  
The t e s t  c e l l  l43s 5tDrag;t 2 rcv i s io i l s  for l i q u i 2  h j rd ropn  and gaseous i r a -  
T e l l a n t s .  The ?rc;il.llant fee< s;rster, t%t ? r e s s u r i z e s  p rope l l a r , t  f o r  
r e a c t o r  t e s t i n L ,  5; Sj.?assed for t h e  engine  system t e s t s .  C a n t r o l  systems 
and t h e  d a t a  acquisi:ion systems ~ s e c !  f o r  r e a c t z r  t e s t i n g  are cons ide red  
a p T l i c J b l e  f o r  t.ie zngine  system t e s t i n g .  
The t h i r d  engine  system assembly w i l l  :)e used i n  downward f i r i n g  t e s t s  
i n  an  a l t i t u d e  e n c i n e  t e s t  s t a n d .  T ~ i s  enzirie ( t h e  XZ eng ine )  is modif ied 
only  sli&;tPj i n  z??eiirance from tna  f i i g h t  v e r s i o n  of the X R V A  er;g::-. 
,he d 2  engine  -iill c o t  :lave t n r i J s t  v e c t o r  c q a s i i i t y  o r  an i n t e r n a l l y  c-..- 
t a i n e d  pnellrnatic s: js te?- .  a l t i t u d e  s i m u i a t i m  capability of t h e  test  s t m d  
,s s: .wn as a t r ezJ  d t e s t  c e l i  p r e s s u r e  v;. e n c i n e  c h a d e r  7 r e s s u r e  i n  
r i g d r e  A ~ A - 3 1 .  T.-&e a ; t i t u 2 s  ca ;a i ; i ty  2 rov ides  Righer 7ressure r a t i o s  
across t k e  tur. in= anc a l l z s s  5zs te r  t x ~ > ~ > . i - x p  a c c l e r a t i o n .  ~ s s T ~ . : Y ~ ;  
s t a r t  i n  t>.e a l t i ; J i c  s i m l a r i o r :  s t a n d  n i l 1  wre cioselqr s i z u f a t e  s t a r t - p  
d u r i n g  f l i g h t  t ha r~  i s  Toss iS ie  i n  t h e  r e a c t o r  t es t  cells. 
m 
- -  - _ *  
The tes t  facility for t h e  XZ engir.e tests x i i l  be Engine Test S t a n 2  
;lo, 1 (LTS-1)  ;hotin ;n F i g u r e  112-32.  This  facility Trovides  downwayd 
f i r i n g ,  a d  an a l t i t u d e  engine  tsst c?iamber i n  which t h e  eng ine  is enc losed  
d u r i n g  t h e  f i r i n g s .  
above t h e  engine t o  p rov ide  flow c o n d i t i o n s  which approximate p r o p e l l a n t  
flow t o  a n u c l e a r  rocket engine  dur ing  f l i g h t .  
A 70,300-gallon, l i q u i d  hydrogen,  run tank is  l o c a t e d  
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w i l l  provicie a fim basis fo r  developing f? t iuw systems t o  meet the  needs of 
manned expe8i2ions to NTSS cad obher fuf.xue space m9sslons. 
Phoebus Reactor Power Level --- 
Other performance g o a s  for the  Pbaek)us retantor technology program are 
to achieve clAe 1orq;es-t possible fuel  elewrit operazing l l f e  and the highest 
pcssible temperature. 
adeqdate for mesay nucl&;ar rocket missions aiid appear t o  have t h e  technology 
f o r  improved LLfetrme close at band. 
multiple testkr~$ needed to achieve rehiahi l l  t,.y with few engine bui lds .  
Restart LLB ceeded f o r  t he  s m c  reason. Except; fez- re~sabPe ferq- type 
apphcaticpla, no m k s s f r n s  we have considere6 show any sigcificant gain by 
mcre tkm one r e s t a r t .  tiigher gas tmriperatuse or  high specific impulse is 
of such great value t o  the perfomnce cf m ~ l l b s m l n s  t h m  a t  is always a goals 
We &re now able tc achieve fuel element lifetime 
Lower operatang times pemxt the 
TV-2 
Several factors, including the t i m e  needed t o  design, fabrlcate, and develop 
larger core reactors, and the l ead  tire for t e s t  c e l l  f a c i l i t i e s  snd ground 
t e s t  w o r t  equipment prevent as fnaa testing a 1-e Phoebus resctor for 
sewerel years. We have therefore layed out a propxu which w i l l  aJ.low UB t o  
learn sboet our Phoebus reector goals using oxily our present fatcil i t ies and 
KXUI-tYpe or  
KXUI size - -tor cores, cal led Phoebus-I, in which we w i l l  atteqpt t o  
evcrluste dxpwhnt e l d s  of the Fhoebw technology. 
started next year. 
the !?ho&us reactor and the technology for e w e s  based OIL that reactor 
ts&txL~gy snd describing some of the problems that m y  have t o  be solved 
in their denlopent ,  I would l ike  t o  mention the =$or factors which 
~ & ~ z T I L R ~  hm far we may extrapolate the ICM/HE€WA sfce a d  pawer level 
before encountering severe deyelopent d i f f icu l t ies .  
hardw8re. This program incluiies several tests in the present 
These t e s t s  Viu be 
Before proceeding with the description of the e f f o r t s  now underway on 
Size and Puwer Limitations 
The EIWI/HERVA is a fairly erll~u. diameter graphite reactor. m e  s m s ~  
size Impose5 8ume design di f f icu l t ies  and l l r i t s t i o n s .  
stan@oIx& a l ros t  aqy c m e  in the  core i s  diiiictilt. 
new rsterials, a m e  in positlacl ob rraterlals, increases in mid frsctian 
or p e r  dsnsity, all reqplre clcntl consideration of their effects on 
reactivi-. 
results in le85 nmrtran leakage vhich in turn results in m e r  8mouxrtfs of 
fptl per a t  volume required for cr i t ica l i ty .  
a m a b l e  in larger size reactors mey be used i n  several ways. For -le, 
it my be desirable t o  introdace eerie8 cooled o r  regenerativel~ cooled 
structure in places e r e  KIWI or HERVA have used parallel cooled structures. 
Such regeaeratlve coolant helps t o  increase attainable Iep. The additional 
structural  laterial needed t o  provide a regenerative coouSg path would be 
d i f f icu l t  t o  istroduce i n  a BILIU core because of the absoqt ive capture of 
the addftfollsl msterisls. 
used in the sm~U core of the K I U I  with materials ha- pore favorable 
e tmctPral  pmper'tlte, but with elightly hlgher neutron poieonlng effects 
which rigtrt rule aut their use in the snal.ter core. Another way in which 
in large cores. 
these cares,  a s  would produce a lover engine specific veigat. 
pkw a neutronic 
The introduction of 
In a large core, however, the decreased SItrfafie t o  1 ~ s ~  ratio 
This additional reactivity 
It is also possible t o  replace structural  rsterials 
this iacreamd realctlvlty nsy be wed is in pFovidixrg higa void irsctiom 
Since void fraction is directly related t o  power density in 
A siepiflcsnt d e s a  consideration In determining reactor diemeter is 
r a e c t o r  control. An in-core control syster would produce large flux 
d e p r e s s i a  in areas aajacezrt t o  the control rods and w u l d  require Internal 
cooling. The development and demonstratian of reflector control s y s t e m  in 
the K I W I  t e s t  serles was one of its major accomplishments. 
is achieved priBarily by converting fast  neutrons into t h e m  neutrclns and 
metering the fraction which i s  returned t o  the core. 
Reflector control 
As the resetos :ore 
" I  "-p 
of an e n t i r e l y  new in-core c o n t r o l  c \ - ~ r . t g t  C I  n'c I 3 I c. a n:aJor develop- 
ment job i s  therefore  avoided 
Another way t o  increase system performance v h i c h  zppears a t t r a c t i v e  at 
first glance, i s  t o  go t c  h igher  pr?ssure systems 
d i r e c t l y  propci-tionhl t o  pressur e, dcub l ing  th pressure i s  equivalent t o  
doubling t h e  power i n  a given seector  ?ore  hi first glance, this seems to 
be an a t t r a c t i v e  method of extract  Lng greaT,er' perfor.mace Careful con- 
s i d e r a t i o n  of t h e  overal-L E T i g i w  sjstein resp::ise t o  pressur;. iwrease shows, 
hsvever, t h a t  not mly  are our per:oonnancre aad tec;in-ilnp;y re,ii';iiremxi%s f o r  
all components inc hiding t h e  n o n - r e w t c r  ~:~ti~:~r-!t~a: 5 mI. I 
d i f f i c u l t ,  but t h e  overall engine weLgtlt 3 3 n o t  r e d L ~ c c I ~  1->-j high pressure 
operations 
Si'nce pover d m s i t y  i s  
:-vbatant i a l i y  more 
F i . d , a a  Tee h n s  lc-gy P x p w n  - -.-- __^- - -__. 
The pragrhu * a  provise technc.)lcgj fer future  generdTlons of nuclear 
e t  reackors, kr,mn as tk Phoebus p37"0gr~uu, I ~ , c h i e s  Phe design, develop- 
merit. fabr ica t ion  and t e s t  of several  reac tors  i n  bath t 5 e  KIWI/NEKV!! s i z e  
end i n  a 'Larger size The i n i t i a l  work i n  t h i s  program k e g m  over a t e a r  
qp mt h experimental measurements of neutroti physics parameters i r i  I i" ~ o n b  
e r i t i c a l s  such as this one &own herF\ ni; the Eo3 ALmos Sc-ient i f ic  La! [ r, r .  
(Figure SY -4) These simple c r i t i c a l  experiments USC labs of fuel, st~\~.$t . ,u A I  
inaterial (graphi te)  and po%son materials t o  get a fir.% es'iimate of some oi' 
t h e  rieutronic design parameters Mor? so-ghisticated physics expf3LKi .-:tts knoha 
as Zepc's (zero power) which use fuel. and sLmczure i n  the exact forin i n  which 
~t will be used i n  t h e  reactor, will. be carr ied out as t he  program progresses 
a ~ i  os  more precise  estimates a r e  required T ~ I ? S F  s1npFe honeycomb experi-  
m?nts,  however, are c x c e i l m t  f o r  dersr;.rALng I?: a gross sense the e f fec t  of 
introducing xldit iocal s t r u c t - u e  or new mster ie l s  to t . k  i ' r ie 
I 
-5 
I 
Fadiation Effects 
heavily on chemical rocket engine technology O w  nuclear engine technology 
a c t i v i t i e s  devote extensive e f fo r t  only a t  those specific problems pecuI2a.r 
t o  nuclear rocket engines. Our other  development needs are  common t o  112-02 
mgines and we draw on t h i s  reserve cf knowledge when necessary.. For that 
reason, our research i n  this area i s  heavily oriented towards the specif ic  
problems posed by radiaticn: tank heaing, punping 'coilir:g liydrcgen, operating 
high speed bewings i n  a radaation f ie ld ,  t h e  development of pnemattc 
ccl;;trol c i rcu i t  ( r d i a t i o n  res i s tan t  1 and t h e  detenninaticn of materials 
properties i n  8. combined radiation md cryogenic environment e 
- 
Tke nuclear rocket engine systems advanced technology work r e l i e s  
There are t w o  factors  which  F T ; U  enter  heavily i n t o  Fhoe'cus which have 
not  been major factors  i n  the  KIWI/HEIIVA design, 
s t ruc tura l  damage from radiation e f fec ts ,  
we "c *<: able t o  ignore the  classical  r d i a t s c n  zffects  w h i c h  must be considered 
by cther rpactor. programs, 
f o r  f a r l y  s h o r t  times by reactor standards. 
below the range where substant ia l  transforcation i s fomd.. 
problems of induced crystal  s t ruc tura l  d i so rde r  a r e  theret"ore cot found i n  
KLiSI/NEHVA, We have instead a c lass  of un"as:mal ani difficult problems r e -  
sul t ing from tke combinatiot-i of very h igh  radiatiori l;ea.rArig r a t e s  which when 
combined wi th  uur l iquid hydrogen coolant erea*e t 1 ~ A l e s m e  temperature 
gradients and temperature asymmetnes. 
i n  the  higher power Phoebus reactor, we also reach to t a l  doses at  the threshold 
of the range where changes i n  engineering p r o - p e r l - . ~ ~  rnaf be anticipated f o r  
many nater ia l s ,  
of the materials which we choose from t h e  radiaticr, damage standpoint. 
The f i rs t  of these i s  
In t h e  U W 1  and TIEYJA development, 
T h i s  i s  because rocket reactors typical ly  operate 
T?,e t o t a l  dose i s  tkerefore 
The classic  
While X L z  problem remains w i t h  us 
As a consequence, we must now g - v ~  carefill consideration 
Clustered engines are also subject to radiation originating i n  &,jacent 
engines. 
system components due to neutrons and gamma rays which emanate from the sides 
of adjacen", en@i;ssa We do not anticipate any u m s ~ a l  e f f ec t s  i n  clustered 
nuclear ergir ,w -X?icki might i p h i b i t  % h e i r  use i n  space missions, A number of 
c r i  t i c a l  expe r imrks  are beiiig carried out to obtain experimental confirma- 
t i o n  of these analyses, Clustered engines nay have scme p a r t i a l  shielding 
on the sides facing otker engines to reduce t h i s  rad-iatiar; t o  tolerable  levels,  
(Figure Iv-8) I n  order t o  keep shield weights tG a rninhum, w e  w i l l  have t o  
knov the failure l i m i t s  of a l l  the  ccmpcnents arid materials affected. Some 
of the f a c i l i t i e s  and equipment needed t o  make these determinations are now 
avaSlable for ccmpcnents and materials of i n t e re s t .  
and materials, work i s  already underway. 
This w i l l  r esu l t  bra increased dose t o  control systems and feed 
For some components 
The prospect cf high doses and h i&h  dose r a t e s  f a  single un i t s  or i n  
c lus t e r s  of high power density nuclear rocket engil;es AS eaused us t o  make 
a substantial  investment i n  t e s t  f a c i l i t i e s  capable of tes t ing  materials and 
ccmponents of t he  nuclear rocket i n  closely simulated ofivi ronments. 
IV -6 
The most iBrmedia%e u e  of OULT preeent facilities Mil l  be to obtain 
eqepfnuenrtal infbrm&iion B D ~  eoxtrol qstem coraponents, tvrbop.amrp bearlag 
materials and eoqpments, and ost the effect of radiation heding OD. QUT 
ability to store and pwqp 33q .a  hykogen i n  a nxiclear rocket. 
F t a s  have been ehsse~  both because of their inrportsnce to the Bclceessfd 
devebqment of the mazhar rceket, a& because the obvims cmplesrfty of 
the pprzgpfnna imoiued i n  a%f&mirg val id da%a imply a fairly long bad t i m e .  
Thee three 
capsule towards or away frm t h e  centerl2i;ne of the reactor ,  The flux 
gradient can be varied by remotely r s ta t fng  the eqeriment i n  a s ix ty  
degree increment, 
the  in s t a l l a t ion  of some auxi l iary equipment- 
T h i s  Experiment has been designed a d  i s  awaiting 
A second component which i s  receiving a t t en t ion  is the turbopump 
bearing. The only materials which have proven satisfactsslgi as bearing 
materials f o r  service i n  l iqu id  hydsoger, are @ass Paminates of tef lon,  
which i s  w e l l  known f o r  i t s  rapid dezerioration mder radiation. For- 
:j,nately, our tests on these materials "ihen Immersed i n  l i q u i d  hydrogen 
indicate t h a t  t e f lon  i s  &le  t o  withstand much higher doses when oxygen 
i s  exclu2ed and t he  material i s  at low temperatuse. The exact geometry 
znd tke amount of Tr ic t iona l  heat develcrped are expected t o  be c r i t i c a l  
t o  Gbtaicing high perforffiance , 
which have passed bench t e s t s  run at Lewis Eescwcl.1 Ct . 'r i n  r i g s  such 
as t h e  one shown i n  Figure I V - 1 3  w i l l  be i r rad ia ted  whi: being operated 
-: 
t o  t h a t  experienced during turbopump opr>ration* Be-ng speed, tempera- 
t u r e s  and torque are measured during operation 
Candad&te materials acd configuration 
a bearing t e s t  r i g  capable of imposing axial and r a d i a !  loads eqgivalent 
A knowledge of the thermodynamic ssa te  of 8 Xqdd 5 s  indispensable 
t o  predicting t h e  performance of a turbopmp, cr %he Lest conditions f o r  
tank storage, 
phenomena involved i n  nuclear heating of EE l iquid hydrogen tank, an ex- 
periment was devised which used infra red rad ia t ion  absorbed i n  a tank 
of tr lcloroethane and e thy l  alchohol. Lo simlate nuclear  heating, The 
center l ine heating p ro f i l e  can be al tered by changing t h e  r e l a t ive  amount 
of the t w o  fluids, which al tered the  spectral  absorbtion of t h e  Ifquid, 
Schlieren photographs (Figure N-13) were used to o b t a h  a qa l i t a t ive  
understanding of the  induced f h i d  notion 
I n  order t o  obtain am physical Insight  i n t o  the f l o w  
As you can see, the f lu id  m t i o r ~  1s aPfecfed by t3e r e l a t ive  amount 
of energy depasilted i n  the  f lu id  and Ln t h e  tank ~ 8 1 7 3 .  
produces a s t r a t i f i e d  layer of w a r m  f l u id  khhich res is ts  par t ic ipa t ion  i n  t h e  
convective twbulent  flow caused by the a t ten*a%ion of infra red by the  
f lu ids .  
t o  establish plausible teaperature p ro f i l e s  i n  t h e  taak and t o  derive t h e  
form cf equations which would satisfy rnoKentum and ermergy considerations. 
The w a l l  heating 
Tkese pbatogsaphs gave enough understanding of the  flow regimes 
Eeccuse of t h e  cclmplex heat. transfer mchanisms Involved, and the  
thermal flow ef fec ts  induced, we are  usi cg experimental. simubtdon techniques 
t o  inprove our a b i l i t y  t o  pred ic t  within l i m i t s  t he  e f f ec t  of radiat ion of 
tank heating and pump performance, 
s teps .  
and energy deposition i n  l iquid  hydrogen f i l l e d  tanks under i r rad ia t ion .  
T h i s  is being carr ied out at the  ASTR reactor  at Fort Vorth, Texas. 
(Figure IV-14) 
since it i s  open t o  t h e  atmosphere and is eas i ly  postable. 
i t se l f  can be turned on i t s  side and immersed i n  water as shown i n  
Our e f f o r t  i n  t h i s  area involves four 
The first of these i s  t h e  determirzazion of temperature d is t r ibu t ion  
This reactor i s  an  ideal reactor  for work with l iqyid hydrogen, 
The reactor 

Dynamic Erlgine Simulation 
Understanding of the  dynamic t ransient  character is t ics  of t h e  engine, 
and some of t h e  more important subsystems, such as %he propellant feed 
system, i s  important not only $0 the  success of our present NERVA engine, but 
t o  OUT a b i l i t y  t o  provide improved engine systems i n  the  future. 
e f for t ,  ex-bensive use i s  made of t he  twa dynamic engine s i m l a t i o n  stands, 
shown i n  Figure IV-17. The one on the f i g h t  is the B3 s t a d  which Will be 
completed t h i s  year, On the le f t  i s  t h e  B l  stand which ha5 been i n  operation 
since l a t e  i n  1963. All the components of t he  engine and the  Liquid hydrogen 
tank w e  close coypled i n  t h e  configwati:on i n  which they w i l l  be used, 
Thnse ewperiments use a cokd flow model of the M;6w-L reaCtQr, Seen in place 
in Figure IT-18. 
I n  t h i s  
These t e s t a  provide accura%e simuhtlon of the  start-up t ransient  in 
nuclear rockets even though no power source i s  used, The heat capacity of 
t h e  core provides accwrate simuh%ion of the  c r i t i c a l  period of starc-up. 
Analog simulation studies indicate  that st& character is t ics  of the  %JERVA 
engine are accurately simulated over t he  first 50 seconds from co~!~&tlrment of 
propellant flow.. The heat capacity of %he core a l so  serves t o  provide t h e  
energy needed f o r  bootstrap start of the turbine. 
The use of a cold f l o w  reactor i n  experiments 1ltk;e t h i s  one permits 
extensive i n s t m e n t a t i o n  of the core, including .%;he use of motion p ic tures  
wd television, which would not be possible i n  %he hish radiation f i e l d s  of 
an engine t e s t ,  Steam ejectors  enable this stand t o  s t a r t  at &out 1 psia ,  
TMs i s  the  only f a c i l i t y  i n  the  nuclear rocket program wM@h w i l l  have t h a t  
capabili ty for some t i m e ,  The effect  of v a c u ~  n I1 w ard other conditions 
during st& can therefore be obtained from %his  facility. 
This stand also permits experimeE%sl evaluation af t he  effect  of chang- 
ing engine configuration and conpcnents on the  dynamic chsmeter fs t ics  of 
t he  engine, For e lej t h e  effect  cf a boast pwg or change in inducer 
design on NPSP can be  determined 
strap progrm-,, and turbine exhaust condi%j;%ons em also be eval-icA.ed. 
A =die range of s tax&-q  periods, boot- 
v, CO:iCLiJDI:<G -&::AW.s 
? i n  some d e t a i l  def ine2  the  program tha  i s  now being I a rsued  
i n  t h e  L'nited S t a t e s  t o  p o v i d e  nuclear  rocke ts  for s2ace ex2lora t io i i  ZIG 
w e  have descr ibed  t h e  mission app l i ca t ions  of t hese  rocke t s ,  I t  is clezr,  
Kith t h e  accomplishments alreadjj  achieved, t h a t  a new a r e a  of rocketr j '  is 
being developed and is  nea r  a t  nand. ;:e now understand these  systems w e l l  
enough t h a t  missions depending on t h e i r  use can be planned wi th  reasmaable 
assurance t h a t  t h e  es t imated  development ?rograms, t i n e  scales,  f m a  ze;zLre- 
ments, and, most important, r equ i r ed  2erfor;;iance l e v e l s  can be achieve6 
The TroSEss t h a t  has been made anc t h e  achievements deaons t ra ted  Luring 
t h i s  :;ear j u s t i f y  t n e  e f f o r t  t h a t  has k e n  cievoted, 10 t h i s  i iz?ortant area, 
The s p c e  sxp lo ra t ion  cqaSi ; i t ; r  t h e s t  nuc lea r  rocKet s77sters x i 1 1  2rovide 
shculd Se a source of su5s tan t ia l  Lens f i t  t o  a l l  ;;iaix;nL, . -  
v- 1 
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